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ELECTRONIC TRANSPORT PROPERTIES OF THIN
FILMS OF AMORPHOUS SILICON 
HENRY SILVIO FORTUNA
The work re p o rte d  in  t h i s  th e s i s  was c a r r ie d  out a t  th e  P h y sics  
Department of Dundee C ollege o f Technology between May 1980 and 
O ctober 1983. The aims of th e  work w ere; ( i )  to  develop  a com puter -  
based system  fo r  th e  cap tu re  and a n a ly se s  o f f a s t  t r a n s ie n t  waveform s, 
w ith  p a r t i c u la r  emphasis on th e  "Time o f F lig h t"  ex p erim en t, ( i i )  to  
commission an r . f .  s p u t te r  -  d e p o s it io n  system  capab le  o f producing  
th in  f ilm s  o f amorphous S i l ic o n ,  and to  e v a lu a te  th e  e le c t r o n ic  
t r a n s p o r t  p ro p e r t ie s  o f the  m a te r ia l  p repared  over a wide range o f 
d e p o s it io n  c o n d itio n s , and ( i i i )  to  in v e s t ig a te  th e  e le c t r o n ic  
t r a n s p o r t  p ro p e r t ie s  o f th in  film s  o f co -  s p u tte re d  S il ic o n  -  
Aluminium and S il ic o n  -  Antimony, and to  e v a lu a te  th e  e f f e c t iv e n e s s  o f 
Aluminium and Antimony as e le c t r o n ic  d o p an ts .
The ap p ara tu s  c o n s tru c te d  c o n s is ts  o f an e le c t r o n  -  gun cap ab le  
o f f i r in g  a pulsed  e le c tro n  beam, in  th e  energy  range 4 - 1 5  keV, a t  
th e  top  m e ta l l ic  c o n ta c t o f a sem iconductor specim en. A D atalab  DL905 
t r a n s ie n t  re c o rd e r  was used to  c a p tu re  and d i g i t i s e  the  c h a r a c t e r i s t i c  
waveforms, th e se  waveforms being  sen t to  th e  C o lle g e 's  Dec -  System -  
20 mainframe computer fo r  a n a ly s e s , v ia  a NASCOM m icrocom puter. 
Computer programs were developed fo r  th e  c o n tro l o f th e  ex p erim en ta l 
equipment and fo r  th e  c ap tu re  and an a ly se s  of th e  t r a n s ie n t  w aveform s.
Dark d .c .  c o n d u c tiv ity , e le c t r o n  d r i f t  m o b il i ty ,  t r a n s ie n t  and 
s tead y  s t a t e  p h o to co n d u c tiv ity  and o p t ic a l  a b so rp tio n  experim ents were 
c a r r ie d  out on th in  film s  of amorphous S i l ic o n . These m easurem ents 
re v e a l wide v a r ia t io n s  in  th e  e le c t r o n ic  t r a n s p o r t  p ro p e r t ie s  o f 
specimens o f amorphous S il ic o n  p rep ared  under seem ingly  id e n t i c a l  
d e p o s it io n  c o n d itio n s . The ex p erim en ta l r e s u l t s  a re  in te r p r e te d  in  
term s o f lo c a l is e d  conduction  band t a i l  s t a t e s  ex ten d in g  to  
approx im ate ly  0 .2  eV below th e  conduction  band m o b ili ty  edge, and a 
d is c r e te  s e t  of lo c a l is e d  s t a t e s  s i tu a te d  a t  0 .4  eV below th e  
conduction  band m o b ili ty  edge. I t  i s  suggested  th a t  th e  e x te n t o f th e  
t a i l  s t a t e s  and the  d e n s ity  o f th e  d is c r e te  s t a t e s  a re  c r i t i c a l l y  
dependent upon the  c o n d itio n s  o f  f ilm  d e p o s it io n  and upon th e  l e v e l  o f 
im p u rity  atoms w ith in  the  m a te r ia l .
S i l ic o n  -  Aluminium f ilm s  were found to  c o n ta in  c r y s t a l l i n e  
Aluminium is la n d s  embedded w ith in  an amorphous l a t t i c e .  S i l ic o n  -  
Antimony f ilm s  appeared homogeneous to  a r e s o lu t io n  o f 50 A ngstrom s. 
The a d d itio n  of Aluminium o r Antimony to  th e  amorphous S il ic o n  was 
seen to  in c re a se  th e  room tem p era tu re  c o n d u c tiv ity  and d e c rea se  th e  
c o n d u c tiv ity  a c t iv a t io n  energy  and th e  o p t ic a l  band g ap . I t  i s  
suggested  th a t  n e i th e r  Aluminium o r Antimony a c t as e f f e c t iv e  
s u b s t i tu t io n a l  dopants fo r  th e  p a r t i c u l a r  f ilm s  o f amorphous S il ic o n  
prepared  in  th i s  la b o ra to ry .
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CHAPTER 1
AMORPHOUS SEMICONDUCTORS
1.1 INTRODUCTION
Today's i n t e r e s t  in  amorphous sem iconductors stemmed from the  
p io n eerin g  work o f Kolom iets and co -  w orkers (1 ,2 )  a t  th e  Leningrad 
school in  th e  e a r ly  f i f t i e s .  Since th e n , re s e a rc h  in  s e v e ra l  
c o u n tr ie s  has been d ire c te d  tow ards deepening th e  u n d e rs tan d in g  o f the  
s t r u c t u r a l ,  e l e c t r i c a l ,  o p t ic a l  and o th e r  p ro p e r t ie s  o f th ese  
m a te r ia ls ,  in  an a ttem p t to  approach th e  p re se n t le v e l  of 
und ers tan d in g  o f c r y s t a l l i n e  m a te r ia l s .
E a rly  re s e a rc h  in  the  f i e ld  was s tim u la te d  by the  s u c c e s s fu l use 
of amorphous selenium  in  the  Xerox rep ro g rap h ic  p ro c e s s . This 
prompted fu r th e r  re s e a rc h  th rough fundam ental s c i e n t i f i c  i n t e r e s t .  In 
1968, Ovshinsky (3 ) d e ta i le d  v a r io u s  ty p es  of sw itch in g  phenomena th a t  
occurred  in  a la rg e  c la s s  of amorphous s o l id s  and th e  subsequen t 
p u b l ic i ty ,  d e sc r ib in g  many p o te n t ia l  a p p lic a t io n s  o f th e se  phenomena, 
prompted many la b o ra to r ie s  to  tu rn  t h e i r  a t t e n t io n  to  the  s tu d y  of 
amorphous m a te r ia ls .
A fu r th e r  surge o f i n t e r e s t  o ccu rred  in  1975 when Spear and 
Le Comber (4 ,5 )  re p o rte d  the  s u c c e s s fu l doping of amorphous S i l ic o n , 
both  n -  type and p -  ty p e . This d isco v e ry  o f fe re d  a rea so n ab le  
chance th a t  a t  l e a s t  some a sp e c ts  o f th i s  f i e ld  o f re s e a rc h  cou ld  lead  
to  h ig h ly  p ro f i ta b le  new a p p l ic a t io n s  in  s o lid  s t a t e  e l e c t r o n i c s .
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P r io r  to  1975, the  commercial a p p lic a t io n s  o f amorphous 
sem iconducting m a te r ia ls  had been l im ite d  to  only  a few a r e a s ,  w ith  
re p ro g ra p h ic s  being o f m ajor im p o rtan ce . However, th e  f i e ld  i s  
r a p id ly  advancing and new com m ercial a p p l ic a t io n s  of amorphous 
sem iconducting m a te r ia ls  ( e s p e c ia l ly  amorphous S il ic o n )  a re  ju s t  
beg inn ing  to  be r e a l i s e d .  P roducts  c o n ta in in g  amorphous S il ic o n  
p h o to v o lta ic  c e l l s  and th in  f ilm  t r a n s i s t o r s  a re  now on the  m ark e t.
1.2 STRUCTURE
P r io r  to  the  e a r ly  1 9 0 0 's , s o l id s  were d e s ig n a ted  amorphous i f  
they  had a fo rm less f r a c tu re  s u r fa c e .  With th e  advent o f X -  ray s  and 
th e i r  use  in  study ing  c r y s ta l l in e  m a te r ia l s ,  i t  was found th a t  most 
s o l id s  c h a ra c te r is e d  amorphous by frac to g ra p h y  were a lso  
non -  c r y s ta l l in e  as evidenced by X -  ra y  d i f f r a c t i o n .  That i s ,  they  
d id  n o t e x h ib it  the  sharp  r e f l e c t io n s  a s s o c ia te d  w ith  c r y s t a l l i n e  
m a te r ia ls  b u t in s te a d  e x h ib ite d  a few broad h a lo s  ( 6 ) .  Amorphous and 
non -  c r y s ta l l in e  a re  in  p re se n t te rm ino logy  synonymous. Thus, we can 
s t r u c tu r a l l y  c l a s s i f y  m a te r ia ls  e i t h e r  as c r y s t a l l i n e  or 
non -  c r y s ta l l in e  (am orphous).
An IDEAL c r y s ta l  i s  d e fin ed  as a su b stan ce  c o n s is t in g  o f atoms 
arranged  in  a p a t te rn  th a t  re p e a ts  p e r io d ic a l ly  in  th re e  dim ensions 
( 7 ) .  In  th e  id e a l is e d  m athem atica l d e s c r ip t io n  o f a c r y s t a l ,  a g iven  
l a t t i c e  p o in t i s  in  e x a c tly  th e  same environm ent as any o th e r  
e q u iv a le n t l a t t i c e  p o in t ,  and th e  c o n te n ts  o f every  u n i t  c e l l ,  ( c a l le d  
the  b a s i s ) ,  a re  id e n t ic a l  to  th o se  of every  o th e r  u n i t  c e l l .  The 
c e l l s  extend i n f i n i t e l y  in  a l l  d i r e c t io n s  and the  c r y s ta l  i s  s a id  to
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p o ssess long range o rd e r (LRO). The immediate su rro u n d in g s o f a g iven  
atom, such as the  number of n e a re s t  and n ex t n e a re s t  ne ighbours and 
th e i r  d is ta n c e s ,  a re  id e n t ic a l  to  those  o f any co rrespond ing  atom in  
any o th e r u n it  c e l l ,  and th i s  i s  c a l le d  the  sh o r t range o rd e r (SRO).
In p r a c t ic e ,  id e a l  c r y s ta l s  do no t e x i s t  s in c e  no re a l  m a te r ia l  
can s a t i s f y  the  c o n d itio n  s p e c if ie d  by i n f i n i t e  long range o rd e r .  
REAL c r y s t a l s ,  th e re fo re ,  a re  m a te r ia ls  o f f i n i t e  d im ensions. Under 
normal c ircum stances ( i . e .  when th e  c r y s ta l  ex tends in  a l l  d i r e c t io n s  
by many in te ra to m ic  sp ac in g s) , t h i s  d im ensional l im i t a t i o n  i s  o f minor 
im portance and only  le ad s  to  sm all p e r tu rb a tio n s  from th e  id e a l 
c r y s ta l l in e  th e o ry .
Amorphous s o lid s  d i f f e r  from c r y s t a l l i n e  m a te r ia ls  in  th a t  th e re  
i s  no long range o rd e r . There i s  no p e r io d ic i ty  and no way of 
d e f in in g  an extended re g u la r  l a t t i c e  as a r e a l i s t i c  d e s c r ip t io n  o f the  
s t r u c tu r e .  N e v e rth e le s s , th e  same chem ical p ro p e r t ie s  o f the 
in d iv id u a l atoms s t i l l  c o n tro l th e  lo c a l  in te r a c t io n s  and environm ent 
and most of the  chem ical bonds w i l l  be s a t i s f i e d .  This fo rc e s  some 
s im i la r i ty  w ith  the  c r y s ta l l in e  p h ase , in - s o - f a r  as i t  i s  com patib le  
w ith  the  lo s s  o f long range o rd e r .  There rem ains a s h o r t  range o rd e r 
which extends on ly  to  d is ta n c e s  o f a few in te ra to m ic  sp a c in g s . Thus, 
an amorphous m a te r ia l  may be c o n v en ie n tly  d e fin ed  as one w ith o u t long 
range o rd e r .
The n a tu re  of sh o r t -  range o rd e r in  amorphous m a te r ia ls  has been 
e x te n s iv e ly  s tu d ie d , e s p e c ia l ly  by X -  ray s  and e le c tro n  d i f f r a c t i o n .  
F igure 1.1 shows a ty p ic a l  example o f th e  r a d ia l  d i s t r i b u t io n  fu n c tio n  
fo r  amorphous Germanium (a -G e ) . The v e r t i c a l  l in e s  in d ic a te  the
Figure 1 .1 . Radial D istribution  Function determined 
for a -  Ge. V ertica l lin e s  in d icate sharp peaks expected  
in c ry sta llin e  Ge.
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p osition  of sharp peaks expected in c r y s ta llin e  Ge. The figure shows 
c lea r ly  that the short -  range order extends to about 1 ran, (that 
being about three nearest -  neighbour d is ta n c e s ) , and then merges into  
the s t a t i s t ic a l  background. Most amorphous m aterials produce radial 
d istr ib u tion  functions with features sim ilar to figure 1 .1 .
In an attempt to determine the procedures by which m aterials with 
no long range order can a r ise , model amorphous structures have been 
generated, relaxed and optimised by computer, then analysed. Using 
such techniques i t  has been shown that the observed radial 
d istr ib u tion  function for tetrah ed ra lly  co-ordinated m aterials such as 
a-S i and a-Ge can be explained qu ite s a t is fa c to r i ly  by a r e la t iv e ly  
small spread in bond angle d istr ib u tio n  and the break down of the 
rig id  configuration of the tetrahedral u n it.
An important concept arisin g  out of such structural work i s  that 
of a CONTINUOUS RANDOM NETWORK. This ideal amorphous structure  
represents a fundamental concept on which many th eo retica l 
considerations are based. The major reason, however, why theory and 
experiment do not agree in many cases i s  because i t  has now been 
rea lised  that m aterials prepared experim entally have structures which 
deviate from the ideal continuous random network. In fa c t ,  structures  
of amorphous tetrahedral semiconductors often contain an appreciable 
density  of defects of the vacancy type, and the unsaturated bonds 
associated with these d efects introduce e lectron ic  s ta te s  in to  the 
system which can completely dominate the observed p rop erties.
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1.3 ELECTRONIC STRUCTURE AND THE EFFECT OF DISORDER
The th eoretica l treatment of c r y s ta llin e  so lid s  i s  generally  
based on the assumption of perfect structural p er io d ic ity  (or 
long -  range order). Bloch wavefunctions extend throughout the 
in f in ite  la t t ic e ,  leading to a completely d eloca lised  d escrip tion  of 
the electron . In other words, an electron  can take up any p o sitio n  in  
the la t t ic e  with f in i t e  p rob ab ility , just as in the free electron  
case. Occasionally scatterin g  (by la t t ic e  vibrations or structural 
imperfections) lim its  the life t im e  in the Bloch s ta te s , but th is  can 
be treated as a perturbation in  the theory. The d eloca lised  treatment 
applies in the case where the mean free path, L, of the carriers i s  
much greater than the la t t ic e  spacing, a , i . e .  L » a .
The f ir s t  steps towards a development of a theory for the 
electron ic  structure of disordered so lid s  were not taken u n til almost 
20 years a fter  the work of Bloch, when Frohlich (1947) (8) pondered 
the nature of the e igen sta tes in the t a i l s  of the bands. I t  was not. 
u n til much la te r  that Mott (1967) (9) combined these ideas with the 
work of Anderson (1958) (10) on the absence of d iffu sio n  in  a three 
dimensional random p oten tia l to give a simple model containing the 
essen tia l features common to a l l  disordered systems.
The model s ta r ts  with the theory of a perfect c r y s ta llin e  la t t ic e  
and in vestiga tes what happens when an increasing amount of disorder is  
progressively introduced (say by elementary p a rtic le  irrad ia tion  of a 
c ry sta llin e  semiconductor). As disorder in crea ses , the periodic  
potentia l of the la t t ic e  w ill  be disturbed, the scattering w il l  be
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enhanced and the carrier mean free path reduced. As the lim itin g  
condition, L — a, i s  approached, the Bloch wavefunctions w il l  loose  
their phase coherence in a few interatom ic spacings and the 
wavefunctions representing the electron  w ill look lik e  that shown in  
figure 1 .2 (a ). I t i s  in terestin g  to note that even though the phase 
coherence has been lo s t ,  the wavefunction s t i l l  extends throughout the 
complete disordered structure without attenuation .
If the disorder (and hence the random p oten tia l flu ctu a tio n s) in  
the structure is  increased further, a fundamental change in  the form 
of the wavefunction takes p lace. Figure 1.2 (b) and (c ) refer to th is  
situ a tion  and show that the wavefunction becomes modulated by an 
exponentially decaying envelope. I t  means that the electron  has 
become lo ca lised  in space, no longer having f in i t e  probability  of 
taking up any position  in the la t t i c e .
The tran sition  from extended to lo ca lised  s ta te s  i s  one of the 
most important aspects in  the treatment of non -  c r y s ta llin e  m aterials  
and w ill be reviewed on a more quantitative basis below.
The f ir s t  paper to prove and to give a q u antitative c r iter io n  for 
disorder induced lo c a lisa tio n  was that by Anderson (10) (1958). The 
th eoretica l approach i s  based on the tigh t -  binding approximation and 
i s  applicable when the electron  wave functions are weakly overlapping 
and bands are narrow. It can be shown that the bandwidth, B, i s  given 
by
1 .3 .1  ANDERSON LOCALISATION
B
Figure 1 .2 . Form of the wavefunctions in an 
amorphous so lid , (a) D eloca lised , (b) Weak 
lo c a lisa t io n , (c) Strong lo c a lisa t io n .
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where J i s  the two s i t e  exchange in teg r a l, ( e s s e n t ia lly  a measure of 
the wavefunction overlap of e lectron  s ta te s  on nearest -  neighbour 
atoms) and z i s  the co-ordination number.
The tigh t -  binding approach is  often  applied to a three 
dimensional c r y s ta llin e  so lid  with rectangular p o ten tia l w ells  each 
containing a bound electron  sta te  (figu re  1 .3 (a ) ) .  Disorder is  
introduced by d istr ib u tin g  the energies of the s i t e s  over a range, Vo, 
as indicated in figure 1 .3 (b ), resu ltin g  in a broadening of the 
density of s ta te s  spectrum, (no attempt i s  made in the model to 
account for disorder in position  of the p o ten tia l w e l l s ) . Using 
scattering theory, the e f fe c t iv e  mass approximation and the resu lts  of 
the tig h t -  binding approximation, Mott (9) derived the expression
This equation brings out the importance of the ra tio  Vo/J (or Vo/B) to 
the problem. As the lim itin g  case a/L = 1 i s  approached (Vo/B = 0.6  
using z = 6 for a simple cubic la t t ic e )  the electron  wavefunctions 
loose phase coherence and begin to look as in figure 1 .2 (a ) .
The d i f f ic u l t  th eoretica l problem, f i r s t  considered by Anderson 
(1 0 ), was what value of Vo/B i s  necessary to produce complete 
lo c a lisa t io n  at T = 0? His ca lcu la tion s suggest that lo c a lisa t io n  
throughout the narrow band would occur when
= 5B
E ^ E
— — — — — — )
(a) g (E)
Figure 1 .3 . Tight -  binding model showing p o ten tia l w ells  
for (a) C rysta lline so lid  (b) Disordered so lid .
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More recent work (11,12) has given a sm aller c r i t ic a l  value of about
2.
The important r e su lt , however, i s  that "Anderson lo ca lisa tio n "  
se ts  in when the ratio  Vo/B exceeds a c r i t ic a l  value. A ll s ta te s  in  
the narrow tig h t -  binding band w ill  then be lo c a lise d  as shown in  
figure 1.2(b) and ( c ) ,  implying that at T = 0, the ensemble average 
over a transport quantity such as conductivity  must vanish , i . e .
A second important concept a r isin g  out of the Anderson c r iter io n  
for lo c a lisa t io n  i s  that of a "minimum m eta llic  conductiv ity" . Mott 
(1 3 ), has shown that when Vo/B reaches the c r i t ic a l  value for  
lo c a lisa t io n , the conductivity i s  given by
were a i s  the interatom ic spacing and z the co -  ordination number. 
Taking values of (V o/B)crit = 2 and z = 6 resu lts  in a conductiv ity  of
where a i s  in  nanometers. The importance of these re la tion sh ip s i s  
that when Vo/B exceeds the c r i t ic a l  value, the conductivity  drops 
discontinuously to zero. Thus, in non -  c r y s ta llin e  m aterials where 
the value of conductivity tends to a f in i t e  value as temperature tends
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to zero, i s  the sm allest value of conductivity that the m aterial
can have.
1 . 3 . 2  THE M O B IL IT Y  EDGE
I t  was stated in the above section  that in order to obtain  
Anderson lo c a lisa t io n  of a complete band, the bandwidth, B, must be 
sm all. In an amorphous semiconductor, however, wide conduction bands 
are generally  found. How then can Anderson lo c a lisa t io n  be applied to 
these wide band m aterials ?
Figure 1.4 shows the density of s ta te s , g (E ), p lotted  against 
energy for an amorphous semiconductor. The important fact to 
recognise about th is  d istr ib u tion  i s  that the two s i t e  exchange 
in teg r a l, J, w il l  vary throughout the band, since i t  i s  c r i t i c a l ly  
dependent upon the separation of the s ta te s . The electron  
wavefunction overlap w ill  be much smaller in the " ta ils"  of the band, 
(where g(E) i s  sm a ll), so that Vo/J w ill  reach the c r i t ic a l  value for 
lo c a lisa t io n  f ir s t  in the t a i l  s ta te s .  States away from the edge of 
the band w ill  remain d e lo ca lised . For the purpose of i l lu s t r a t io n ,  
consider the conduction band, and suppose that lo c a lisa t io n  se ts  in  
when the density of s ta tes  f a l l s  below a value corresponding to 
energies, Ec, at the top and bottom of the band. Considering only the 
bottom of the band (the top of the band being in s ig n ifica n t as far as 
conduction is  concerned), at energies E > Ec, there are extended 
sta tes  in which conduction can take p lace, even at T = 0. For 
energies E < Ec, the ensemble average of conductivity w ill  be zero at
Figure 1 .4 . Density of s ta te s  in  a wide conduction band 
amorphous semiconductor. The t a i l  s ta te s  are lo c a lise d .
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T = 0, and the m obility  must van ish . The existence of an energy such 
as Ec, was f ir s t  pointed out by Mott (9 ,1 4 ) , and i t s  ex isten ce in  
non -  c r y s ta llin e  semiconductors im plies a "mobility edge" which takes 
the place of (for  many practica l purposes) the density  of s ta te s  edge 
in c r y s ta llin e  semiconductors.
1.4 SUMMARY
The above description of an "ideal" amorphous semiconductor forms 
the basis on which the e le c tr ic a l  and o p tica l properties of real 
amorphous semiconductors may be understood. There i s  a great deal of 
experimental evidence to support the ex istence of bands in amorphous 
semiconductors dating from the pioneering work of Kolomiets and 
co -  workers (1 ,2 ) in the 1950's. There i s  a lso  a large amount of 
experimental evidence to support the presence of m obility  edges (the 
p osition  of which may be temperature dependent), which has been 
reviewed by a number of authors (1 5 ). The sharpness of the m obility  
edge, however, as w ell as the ex istence of a "minimum m eta llic  
conductivity" at low temperature s t i l l  remains con tro v ersia l.
D etailed measurements of d r if t  m ob ility , f ie ld  e f f e c t ,  
photoconductivity, e t c . ,  on a v a r ie ty  of m aterials have subsequently  
v er ified  the ex istence of f a ir ly  d iscrete  le v e ls ,  or at le a st  
structure, in the d istr ib u tion  of the density of s ta te s  throughout the 
m obility  gap of some amorphous semiconductor. The ex isten ce of these 
lo ca lised  defect and t a i l  s ta te s ,  together with extended band s ta tes  
and the concept of m obility  edges, w ill  be assumed in the follow ing
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section  in order to describe the transport properties of amorphous 
semiconductors.
1.5 ELECTRONIC TRANSPORT IN AMORPHOUS SOLIDS
For the purpose of d iscu ssion , the schematic d ensity  of s ta te s  
d istr ib u tion  shown in figure 1.5 w i l l  be used. The diagram shows the 
density of s ta te s , g(E ), from ju st above the lower edge of the 
conduction band to just below the upper edge of the valence band. The 
energy spectrum is  divided according to the e lec tro n ic  character of 
the s ta te s ;  namely extended s ta te s  (E ), band t a i l  s ta te s  (T ), and gap 
sta tes  (G). The s ta te s  shown shaded in  figure 1.5 are lo c a lis e d .
Two main conduction mechanisms are generally  observed in 
amorphous m ateria ls, namely extended -  s ta te  conduction and 
lo ca lised  -  s ta te  conduction. These mechanisms w il l  be discussed  
below.
1.5.1 EXTENDED STATE CONDUCTION
Extended sta te  conduction occurs for electrons at energies above 
Ec, and for holes below Ev. In these regions the e f fe c t  of the random 
p oten tia l and of fluctuations in the interatom ic distance dominates 
the transport. In the case of e lec tro n s, the mean free path ju st 
above Ec, and the coherent length of the e lec tro n s' wavefunction 
approach the interatomic separation, so that one can no longer regard 
transport as band motion with occasional sca tter in g . Cohen (16 ),
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pointed out that in th is  region of extended s ta te s ,  conduction is  
e s se n t ia lly  a d iffu siv e  process, quite sim ilar to Brownian Motion. 
The electron  can be envisaged as jumping from s it e  to s i t e  with an 
atomic frequency , but without any thermal a c tiv a tio n . Adopting 
such a c la s s ic a l  picture Cohen derived an expression for the m ob ility , 
i  . e .
Where a i s  the average interatom ic distance and jy  i s  an e lec tro n ic
»£ -I
jump frequency of the order of 10 sec . An estimated d r ift  m ob ility  of 
about 10 cm v ' s ' i s  obtained using equation (1 .6 ) .
A more exact analysis of the transport just above Ec, i s  based on 
the so ca lled  "random phase" model (1 7 ,1 8 ). In th is  model a mean free  
path of the order of the la t t ic e  spacing i s  represented by a lo ss  of 
phase memory of the electron  wavefunction as i t  moves from s i t e  to 
s i t e .  Assuming a constant density of s ta te s  at the/ m ob ility  edge 
g(E c), Friedman (18) derived the follow ing expression for the m obility  
in  the extended sta tes  near Ec or Ev.
e<x
h
z  _T_ 
K T
Here z i s  the co-ordination number, J i s  the two s i t e  exchange
in tegra l and a i s  the interatom ic spacing. Equation (1 .7 )  y ie ld s  a
z “I ->value of 5 cm V s for the m obility  at room temperature, a value not 
s ig n if ic a n tly  d ifferen t from that obtained by the simple estim ate of 
equation (1 .6 ) .
1 .5 .2  LOCALISED STATE CONDUCTION.
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Conduction through lo c a lise d  t a i l  or defect s ta te s  takes place 
only with phonon a ssista n ce . The m ob ility , A E)  , for th is  thermally 
a ssisted  tunnelling transport, at an energy E, i s  normally w ritten  in 
the form:
/ ( E )  = ^  exp(-2«<£) exp(-J^)
As illu s tr a te d  in figure 1 .6 , R = Ro i s  the average
nearest -  neighbour hopping d istan ce, which depends on the d ensity  of
sta tes  d istr ib u tio n , and i s  thus a function of energy. The term
exp(-2o(R) describes the overlap of the wavefunctions on neighbouring
hopping s i t e s ,  with the parameter 1/oC representing the range of
sp a tia l decay of a lo ca lised  wavefunction. i s  a phonon "attempt
to escape" frequency, and exp(-W/kT) represents the p rob ab ility  that
an electron  w ill  gain an energy W, in  order to move from one s i t e
to another. Equation (1 .8 ) predicts hopping m o b ilit ie s  at room
- Z  2 - 1  -•temperature of 10 cm V s or l e s s .  Comparing th is  value with the 
m obility obtained for extended s ta te  conduction just above Ec (or 
below Ev), suggests that at Ec (and Ev) the m obility  drops by 
something lik e  three orders of magnitude at the "m obility edge".
In general, there are many current paths through the lo c a lise d  
s ta te s , a l l  of which can contribute to the observed e le c tr ic a l  
properties. A common sim plifying assumption which i s  normally used, 
however, i s  that at any given temperature one of these paths w il l
en
er
gy
distance
Figure 1 .6 . Nearest -  neighbour hopping transport in  
an amorphous semiconductor.
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predominate. This theme w ill  be in vestigated  further in  Chapter 2, 
where a complete analysis of the temperature dependence of the 
conductivity of amorphous semiconductors w il l  be presented.
(
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CHAPTER 2
EXPERIMENTAL STUDY OF AMORPHOUS SEMICONDUCTORS.
This chapter deals with the main experimental methods that are 
used in studying the transport and o p tica l properties of amorphous 
semiconductors, and d iscu sses , with examples, the information that can 
be obtained from the r e s u lts .
2.1 ELECTRICAL CONDUCTIVITY AND ITS 
TEMPERATURE DEPENDENCE.
E lectr ica l conductivity i s  determined by the number of free  
carriers at each energy and th eir  m ob ility . Ihus in the dark, 
conductivity i s  given by
< r  =
C*oO
e
°o
E
where e is  the e lec tro n ic  charge, g(E) the density of s ta te s  ,y*/(E) the 
m obility of a carrier at energy E and f(E) the probability  that a 
sta te  at energy E i s  occupied by an e lec tro n . f(E) i s  the so -  ca lled  
Fermi -  Dirac function and is  given by
I + e xp -  E f
h T  J
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where the energy corresponding to i s  ca lled  the Fermi le v e l .  
Conduction at energies below the Fermi le v e l i s  normally considered to 
be due to p o sitiv e  h o le s . The probability  of a s ta te  at energy E not 
being occupied by an e lectron , i . e .  of containing a h o le , i s
JTi) = i - j W  -  [ 2 - i )
From equation 2.1 i t  can be seen that the conductiv ity  of any 
so lid  i s  in tim ately related  to the e lec tro n ic  d ensity  of s ta t e s ,  g(E ), 
for that m aterial. Thus, in order to aid a d escrip tion  of the 
conduction mechanisms which may occur in an amorphous s o lid , the 
density of sta tes  d istr ib u tio n  shown in  figure 2.1 (a) w ill  be 
employed. This d istr ib u tio n  i s  of in te r e st  since i t  i l lu s t r a te s  the 
main conduction processes which can take place in an amorphous s o lid ,  
but i s  of no other s ig n if ic a n c e . In order to aid c la r ity ,  the 
discussion  w ill  a lso  be restr ic ted  to e lec tro n s, but unless otherwise 
sta ted , the equations and s itu a tio n s described are equally applicable  
to h o les .
Figure 2.1 shows the expected v aria tion  of the functions yt/(E ), 
f(E) and£T(E) with energy, for the case of the given d istr ib u tio n  g(E) 
at a number of temperatures. Since g(E) i s  temperature independent 
and yl/(E) i s  l ik e ly  to vary only slowly with temperature, i t  i s  f(E) 
(with i t s  strong temperature dependence given by equation 2 .2 ) which 
w ill determine how the energy of the dominant conduction path, and 
hence the dominant conduction mechanism, is  l ik e ly  to vary with
temperature.
given density of s ta tes  d istr ib u tion  g(E), at a number of temperatures. Graph (d) considers electrons only 
and shows the dominant conduction path which e x is ts  at the temperatures indicated . .
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At high temperatures (Tj in  figure 2.1) the conductiv ity  is  
dominated by e lectron s thermally activated  to extended s ta te s  above 
the m obility  edge at E^. Under these con d ition s, the e le c tr ic a l  
conductivity can be w ritten , ju st as in the c r y s ta llin e  case as
f i e / J  -  ( 2  \ )
where n i s  the electron  density in  extended s ta te s  and i s  the 
electron  m obility  at Ec as described by equation 1.6 or 1 .7 . If 
(Ec -  E^) »  kT and g(E) does not vary too much in the neighbourhood 
of E$, where i t  has a value g(Ec) , then
fl k T  exp Efe-E» 
k T  _
( 2 - S )
The extended sta te  conductivity of e lectron s above Ec can therefore be 
w ritten
c r =  g ( E t )  k T e j j ^  e x p E c - f t
k T
One feature of the conductivity not accounted for by equation 2.6 i s  
the variation  in the width of the m ob ility  gap with temperature. If 
th is  i s  taken to be lin e a r ly  dependent on temperature with c o e f f ic ie n t  
cS such that
( Ec -  e s ) t  = ( -  Es) „  -  S T  - ( 2 7 )
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then the expression for extended sta te  conductivity becomes
k T
( 2  8 )
with
( 2  •<?)
I t  i s  important to note that for a m aterial having conductivity  
characterised by equation 2 .8 , a graph of In(<r) versus 1/T w il l  y ie ld  
a stra igh t lin e  with a ctiv a tio n  energy (Et  -  E.£.)o, t *ie p o sitio n  of the 
Fermi le v e l re la tiv e  to the m obility  edge, extrapolated to T = 0. The 
in tercept on the ln(<r) ax is at 1/T = 0 w il l  provide the constant .
The value of i s  not strongly dependent on individual m aterial
parameters and for most amorphous semiconductors l i e s  in  the range 10
if -lto 10 (JL.cm) . Many examples of th is  are c ited  by Fritzsche (1) and 
by Mott and Davis ( 2 ) .  A particu lar example is  the case of the 
temperature dependence o f the conductivity  of the chalcogenide g la ss  
Tl^Se As^CTe^Se,^)^ studied by Andriesh and Kolomiets (3) and shown in 
figure 2 .2 . It i s  c lear  from figure 2.2 that as the m aterial 
composition is  changed the activation  energy for conductivity changes, 
but the pre -  exponential factor,6£T > does not vary much.
Returning to figure 2 .1 , as the temperature i s  lowered, the 
number of electrons thermally activated  to Ec reduces and the 
contribution to the to ta l conductivity of electrons in extended s ta te s
diminishes Under such reduced temperatures i t  i s  p ossib le  for the
Figure 2 .2 . Temperature dependence of the conductiv ity
of T1 Se_ As. (Te Se ) where x = 0 , 0 .2 , 0 .4 , 0 .6 ,2 3 2 x 1-x 3
0.8 and 1 .0  in curves 1 to 6 resp ec tiv e ly . (After r e f .  3 ) .
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dominant conduction path to move from i t s  p osition  in extended s ta te s  
to a location  between Ec and the Fermi le v e l .  Ib is can only occur, 
however, when there e x is ts  a region in the m obility  gap where the 
variation  in the magnitude of the den sity  of s ta tes  with energy i s  
greater than the corresponding varia tion  of the occupation probability  
with energy. Such a region is  depicted by the feature at energy EJ in  
figure 2.1 (a ) .
In order to determine whether the conduction path through s ta te s  
at EJ dominates the to ta l conductivity at any given temperature, the 
contribution to the to ta l conductivity of the path at Ej must be
evaluated. This can be accomplished using the in tegra l
Fj + a  e /2 .
%  =  e
g ( E ) $ ( E )  d ( 2 - l o )
^ E j - A E / 2 .
where fcE i s  the width of the feature in the d ensity  of s ta te s  at Ej .
If at any given temperature (J£ -(T *  where (T“i s  the to ta l conductivity
d
given by equation 2 .1 , then i t  may be concluded that the to ta l  
conductivity i s  dominated by the conduction path at Ej.
Since a l l  the s ta te s  in the m obility  gap are lo c a lise d ,  
conduction at Ej must be v ia  a hopping mechanism. Furthermore, i f  the 
width of the feature in  the density  of s ta te s  extends over only a 
small range of energy, then i t  may be assumed that carriers move 
between s it e s  of e ffe c t iv e  density  g(E^) and average separation  
R = [gCE^)]* . Under these conditions the to ta l conductivity may be 
w ritten in the form
< T - = o r e x p ( E j - E i l  f V ,
k T
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where (EJ -  ES )o i s  the p osition  of the dominant conduction path 
r e la tiv e  to the Fermi le v e l at T = 0, and W( is  a hopping energy. The 
pre -  exponential i s  given by
cr,■ =  e  e x p f i i .
*— K .
{ 2 1 2 )
where i s  a hopping m ob ility , and o ( i s  a c o e f f ic ie n t  which 
characterises the varia tion  in the band gap with temperature. The 
magnitude of i s  not expected to exceed 10 * (JL.cm) \  and using 
computer sim ulations Marshall (4) has shown that the hopping energy W| 
i s  l ik e ly  to take a value of approximately h a lf the energy spread of 
the feature under consideration , i . e .  Wj -  E/2.
As the temperature is  lowered further, the occupation p rob ab ility  
of s ta te s  at EJ i s  reduced, resu ltin g  in a corresponding reduction in  
the contribution to the to ta l conductivity of the path at EJ,  Since
(in  figure 2.1 (a )) there i s  a continuous f a l l  in  the d en sity  of
sta tes  from E</ to the Fermi le v e l a c r i t i c a l  temperature w il l  e x is t  
where below that temperature the dominant conduction path w il l  switch  
from hopping at Ej to hopping at the Fermi le v e l .  Carriers moving at 
the Fermi le v e l require no energy to activ a te  them to th eir  conduction 
path, so the conductivity may be expected in  the form
o~=- <*r e x p ( -  Wz\ -  (215)
with
-  ( 2  Ik)
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g(E^) is  the e f fe c t iv e  density of s ta te s  at the Fermi le v e l ,  i s  the 
carrier m obility  at the Fermi le v e l  and is  a hopping energy with a 
form sim ilar to that described for the case of hopping at Ej .  The 
magnitude of i s  normally expected to be le s s  than CTf ( i . e .  
0^ < O f ) since both the density of s ta te s  and the m obility  at the 
Fermi le v e l are expected to be le s s  than th eir  resp ective values at 
the energy Ej .
At even lower temperatures i t  can become en erg etica lly  more 
favourable for carriers to hop large d istances in  order to find  f in a l  
s ite s  c lose  in energy (~kT) to th e ir  i n i t i a l  s i t e s .  Thus conduction 
occurs c lo se  to the Fermi le v e l by so -  ca lled  variab le range hopping. 
Under these circumstances, Mott (5 ,6 ) has shown that for three 
dimensional hopping within a density  of s ta tes  g(Ej-), the conductivity  
i s  given by
(2 IS)
with
%  -  I S ^  -  ( z - l ( )
* g ( £ i )
This i s  known as Mott's law.
As described by equation 2 .1 , the to ta l conductivity  for a l l  
processes i s  obtained as an in tegra l over a l l  ava ilab le  energy s ta te s  
and the manner in  which th is  conductivity  i s  expected to vary with 
temperature is  illu str a te d  in a p lot of ln(0~) versus 1/T shown in
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figure 2 .3 . On the basis of th is  model, the expected temperature 
dependence of the d r ift  m obility  and thermopower (d iscussed  in the 
follow ing section s) are a lso  schem atically i l lu s tr a te d  in figure 2 .4 .
2 .1 .1  HIGH FIELD EFFECTS.
At high e le c tr ic  f ie ld s  the enhanced emission of carriers in to  
extended conduction band or valence band s ta te s  from lo c a lise d  s ta tes  
(the Poole -  Frenkel e f f e c t ) ,  or from metal electrodes (the Shottky 
e f f e c t ) ,  can occur. Other high e le c tr ic  f ie ld  e f fe c t s  e x is t  such as 
f ie ld  a ss isted  hopping, hot carriers and f ie ld  stripping of traps. 
A ll of these lead to an e le c tr ic  f ie ld  dependent con d u ctiv ity .
(a) The Poole -  Frenkel E ffect ( 7 ) .
In the Poole -  Frenkel e f f e c t ,  depicted in figure 2 .4 , the 
ion isa tion  energy of a lo ca lised  center subject to a coulombic 
p oten tia l i s  reduced by the app lication  of an external f i e ld .  In a 
simple one -  dimensional treatment the p o ten tia l energy of an electron  
a distance x from a lo ca lised  center i s  given by the expression  
-eVh.1f££a x  , where £  i s  the r e la tiv e  high frequency d ie le c tr ic  
constant and £  i s  the p erm ittiv ity  of free space. In the absence of 
an applied f ie ld ,  a trapped carrier must surmount a barrier Ej. in  
order to enter the band. The app lication  of an e le c tr ic  f ie ld ,  F, 
lowers the barrier, in the d irection  of the f ie ld ,  by an amount -Fex 
and a maximum down f ie ld  barrier i s  obtained at X .^ The barrier is
smaller than i t s  orig in a l height by an amount where
In c r  i i
Ec -  Ef
Ed " E f  + W!
W.
T ' T
Figure 2 .3 . Temperature dependence of the con d u ctiv ity , 
therm oelectric power and d r if t  m obility  on the b a sis  o f the 
transport model d iscussed in the te x t ,  and the d en sity  of s ta te s  
d istr ib u tion  of figure 2 .1 (a ) .
IFigure 2 .4 . Mechanism of the Poole Frenkel e f fe c t .
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. The trapped carrier release  p rob ab ility  i s  therefore  
increased by the factor exp(y8Fy/f7~) and the f ie ld  dependence of the
conductivity due to th is  e f fe c t  can be given by
0 ~ ( f )  =  <T~ (o) (217)
where£f(0)  and^T(F) are the co n d u ctiv ities  at zero f ie ld  and a f ie ld
Other treatments e x is t  where three dimensional geometry has been 
assumed (8 ,9 ) and carrier emission in a l l  d irection s has been d ealt  
with (9 ) .
(b) Ihe Schottky E ffect (10) .
The Schottky e f f e c t , depicted in figure 2 .5 , g ives re su lts  sim ilar  
to the Poole -  Frenkel e f fe c t .  The applied e le c tr ic  f ie ld  lowers the 
barrier by an amount -Fex, in the d irectio n  of the f ie ld ,  and again a 
maximum down -  f ie ld  barrier i s  obtained at Xm, The conceptional
d ifference between these two e f fe c t s  i s  that the p o ten tia l barrier is  
due to the metal -  semiconductor work -  function in  the Shottky
e f fe c t ,  but coulombic in the Poole -  Frenkel e f f e c t .
(c) F ield A ssisted Hopping.
Various authors (11,12,13) have discussed the e f fe c t  of high 
e le c tr ic  f ie ld s  on hopping conduction. E sse n tia lly , the applied f ie ld  
lowers the energy barrier for a given down -  f ie ld  hop, and ra ises  the 
barrier for a given up -  f ie ld  hop. Equation 2.11 (and 2.12)
of F Vm ' resp ectiv e ly .
I Band Edge
Figure 2.5.  Mechanism of the Shottky e f fe c t .  E i s  the 
metal -  semiconductor work function which e x is? l with no 
externally  applied f ie ld  and Em i s  the^aximum down f ie ld  
barrier produced when a f ie ld  of F Vm i s  applied .
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describing hopping conductivity is  modified to
c t ( f)  = c r ( o )  s i n h f e f R  ) -  ( 2  l s )
V 2  H T j
where 0~(O) and0~(F) are the conductivities at zero field and a field 
of F Vm* respectively, and R — [gCE^ ) ] 5 . At sufficiently high fields 
equation 2.18 predicts a conductivity which is  exponentially dependent 
on field.
(d) Hot Carrier Effects.
At sufficiently high electric fields, carriers in extended states 
may gain energy faster than they lose it  by emission of phonons. If  
the mean free time between carrier scattering events is ^  , then a 
critical field above which this occurs is given approximately by (13)
F m t  - ( .  j r ____ f  -  u  i i )
{  2 1  e  / J o  )
where is the free carrier mobility. As this occurs, carriers move 
into extended states of higher energy, and i f  the mobility in the band 
increases with energy (14), the conductivity can rise rapidly with 
electric field.
(e) Field Stripping of Traps.
Trapped carriers may tunnel directly out of traps into extended 
states, through the intervening potential barrier in the down - field 
direction, when an electric field is applied. Mott (15), and Marshall
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and Miller (13) have pointed out that carriers in localised band 
ta ils, close to the mobility edges, could be very susceptible to 
tunneling into extended states. Such field stripping of shallow traps 
effectively delocalises these states and can be interpreted as a 
lowering of the mobility edge, and hence changing the effective depth 
of deeper states. This effect results in an increasing conductivity 
with electric field.
2.1.2 SMALL POLARON FORMATION.
In the band theory of solids it  is  assumed that the presence or 
absence of an electron does not affect the positions of the atoms 
comprising the crystalline lattice. This is a justified approximation 
when the carrier's effective mass is  sufficiently small ( its  mobility 
sufficiently large) to enable it  to move many lattice spacings in the 
course of a single lattice vibration. Thus, the charge of the carrier 
is smeared out over many atoms and has lit t le  effect.
However, i f  the band is  narrow, the carriers w ill have a much 
larger effective mass and move relatively slowly. Under these 
circumstances it  may be that the carrier cannot traverse a distance of 
the order of a lattice spacing in a lattice vibration period, and the 
effect on the nearby heavy atom of an essentially point charge must be
considered.
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The charge can cause a deformation or polarisation of the 
surrounding lattice. This localised deformation moves with the 
carrier and the two together form a quasi - particle known as a 
molecular polaron. If  the interaction is large compared to the band 
width, the carrier can become self - trapped and under these 
circumstances it  is  most likely that transport w ill be by hopping 
between such- localised sites. If  the extent of the lattice  
deformation produced by the carrier is largely confined to one atomic 
radius, the particle formed is said to be a small polaron.
Most theoretical studies of the motion of small polarons use a 
model called the Molecular Crystal Model (16), which considers a 
single excess carrier placed in an ordered array of deformable 
molecules. These studies have established that such polaron states 
are densely distributed energetically, and carrier motion proceeds via 
thermally activated hops between nearest neighbour sites. 
Consideration of the form of the conductivity (81) has led to the 
expression
where N is the number of small polaron sites per cm , a is  the site 
separation, is an optical phonon frequency and H is the hopping 
probability. The hopping probability is expected to be given by
c r
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where wP is the polaron binding energy. As far as P in the above 
expression is concerned, two extreme cases can be distinguished. In 
the adiabatic limit, the carrier adjusts rapidly to the motion of the 
lattice and is thus unlikely to miss any chance to hop to a nearest 
neighbour site; under these conditions p = 1. The opposite applies 
in the non - adiabatic case where the carrier adjusts itse lf too 
slowly and misses many chances to hop. In this case p is given by
where J is the two - site transfer integral.
At sufficiently low temperatures carriers move from site to site 
without the aid of thermal activation. This transport corresponds to 
polaron band motion with an enhanced effective mass.
Before discussing the optical absorption edge observed in 
amorphous semiconductors, a brief review w ill be given of the types of 
edges that are found in crystals.
Electronic transitions between the valence and conduction band in 
the crystal start at the absorption edge which corresponds to the 
minimum energy difference Eg, between the lowest minimum of the 
conduction band and the highest maxima of the valence band. If  these
2.2 OPTICAL ABSORPTION
extrema lie at the same point in k - space, the transitions are called
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direct. If  this is not the case, the transitions are possible only 
with phonon assistance and are called indirect. The rules governing 
these transitions are the conservation of momentum and energy during 
the transitions, either of electrons alone in direct transitions, or 
the sum of the electron and phonon in indirect transitions.
If  exciton formation (electron - hole interaction) is  neglected, 
the magnitude of the absorption co - effic ient,^, as a function of 
photon energy, hV, depends on the energy dependence of the density of 
states, g(E), for the bands containing the in it ia l and final states.
j
For simple parabolic bands (g(E)<?<E*), and for indirect and direct 
'’allowed" transitions, (assuming the matrix element for transitions to 
be constant) the absorption co -  efficient is given by
= £cws>t (J)V~ir0) -  d i r e c t  -  (2 2 3 d )
fl0 = ^onst.diV"£>) ~ I n d i r e c t  ~  { 2 - 2 3 b )
where n0 is the refractive index and E0 is the optical gap (which in 
this case is the same as Eg as defined above).
Absorption at energies below the fundamental edge may occur due 
to exciton formation, where there is appreciable interaction between 
the electrons and holes created. For example a series of exciton 
absorption lines corresponding to different excited states of the pair 
may be observed at low temperatures, at energies less than E0. These 
are normally broadened by interactions with phonons and imperfections, 
to give exciton "bands". The energy of an electron in such an excited
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state may therefore lie  within the forbidden gap.
A completely different type of absorption edge is  observed in 
several materials (e.g. trigonal Selenium). This involves an 
absorption co - efficient which increases exponentially with photon 
energy, (for photon energies greater than the optical gap) and leads 
to a rapid rise of the absorption co - efficient over several orders 
of magnitude, within a few tenths of an electron volt near the energy 
gap. This is the so -  called Urbach edge (17) which frequently obeys 
the empirical relationship
critical value T0, and equal to TQ for lower temperatures.
Ihe optical gap in many semiconductors decreases linearly with 
temperature above about 50K, i.e.
where EQ(T) and E0^0  are the optical gaps at temperature T and at 
absolute zero respectively. Below about 50K the variation normally 
flattens off, so that Eo(0) < E0#0 . This variation is due to thermal 
effects, e.g. expansion.
r
where if1 is a constant, and T is the absolute temperature down to a
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In amorphous semiconductors, a fundamental absorption edge is  
retained, but it  is normally less steep than in crystalline 
semiconductors. A typical absorption edge, found in most amorphous 
compound semiconductors (e.g. AszS3) has the shape shown in figure 
2.6. Three regions can be distinguished, A, the high absorption 
region, B, the exponential region, and C, the weak absorption region.
In the high absorption region (region A) the most common 
(although not universal) behavior of the absorption co - efficient, as 
a function of photon energy, is found to be
A number of examples of this behaviour are shown in figure 2.7, and by 
using equation 2.26 to f it  these curves it  is  possible to define an 
optical gap, E0. It  is  not known, however, whether Ec defined in this 
manner represents a true gap in the density of states, a mobility gap, 
or something relating to these energies. It  is thought (18), however, 
that in the high absorption region, absorption occurs by excitation of 
electrons across the "gap" into band states. Thus, from plots similar 
to those shown in figure 2.7 it  is  possible to extract some 
information about the form of the density of states at the band edges.
I f  i t  i s  a s s u m e d  t h a t  t h e  k  -  c o n s e r v a t i o n  s e l e c t i o n  r u l e  i s  
r e l a x e d ,  a n d  t h e  d e n s i t i e s  o f  s t a t e s  i n  t h e  c o n d u c t i o n  a n d  v a l e n c e  
b a n d s  h a v e  p o w e r  l a w  e n e r g y  d e p e n d e n c e s  a s  s h o w n  i n  f i g u r e  2 . 8 ,  t h e n  a  
r e l a t i o n s h i p  c a n  b e  o b t a i n e d  l i n k i n g  t h e  a b s o r p t i o n  c o  -  e f f i c i e n t , o < , 
w i t h  p h o t o n  e n e r g y .  T h e  a b s o r p t i o n  c o  -  e f f i c i e n t  f o r  a  g i v e n  p h o t o n
2.
Figure 2.6. A typical absorption edge found in most 
amorphous compound semiconductors. Three regions can be 
distinguished:
(A) . T h e  h i g h  a b s o r p t i o n  r e g i o n .
(B) . T h e  e x p o n e n t i a l  r e g i o n .
( C )  . T h e  w e a k  a b s o r p t i o n  r e g i o n .
hi/ (eV)
Figure 2.7. Examples of absorption edges whose functional dependence 
on photon energy is given by equation 2.26.
P a g e  3 2
energy, hV, w ill be proportional to the weighted sum of a ll possible 
interband electron transitions, i.e.
f O
C o n s t  C ( £ ) H e ) H J b  -  ( 2 - 2 7 )
where C(E), V(E) and AE are defined in figure 2.8, and M is a matrix 
element associated with specific electron transition probabilities. 
Assuming the matrix element to be constant, equation 2.27 can be 
evaluated (18) to give
Using a result similar to equation 2.28, Tauc (19) interpreted 
the quadratic variation of<*hV against hi* in terms of parabolic band 
edges, i.e. s = p = l / 2 .  Davis and Mott (20), however, interpreted 
the same behaviour using different assumptions• The assumed that the 
densities of states at the band edges were linear functions of energy 
and that transitions in which both the in it ia l and final states were 
localised could be neglected. Such assumptions lead to s and p taking 
values of 0 and 1 respectively, thus leading to the same quadratic 
variation of «<hV against hi).
The exponential region (region B) of the absorption edge is found 
to be a universal occurrence in amorphous semiconductors. This 
suggests that there must be something fundamental behind its  
formation, which is common to a ll of these materials. Tauc (19), 
suggested that the exponential ta il results from electron transitions
kV
Figure 2.8. Energy dependence of the density of 
states in the valence band V(E) and the conduction 
band C(E). The minimum separation between the bands 
is  Ae and the k - conservation selection rule is  
relaxed.
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involving localised states in exponentially distributed band ta ils. 
However, as pointed out by Davis and Mott (20), this is unlikely since 
plots of ln(o<) versus hV obtained from studies of many amorphous 
semiconductors, exhibit approximately the same slope in the 
exponential region, thereby implying very similar ta ils of the density 
of states in a ll amorphous semiconductors.
An alternative explanation for the Urbach edge in amorphous 
semiconductors was put forward by Dow and Redfield (21). They treated 
the problem by calculating the absorption for direct electronic 
transitions in a uniform electric field. Their calculations show that 
the variation of the absorption co -  efficient with photon energy, 
obtained in this manner, is  accurately exponential. The problem that 
then arises, however, is  where do these electric fields come from in 
the real material? One possibility is that the electric fields are 
present due to the inbuilt potential fluctuations within a ll amorphous 
semiconductors.
The weak absorption region (region C) is  d ifficu lt to study due 
to the low absorption level. The magnitude of the absorption 
co - efficient, and the slope obtained from a plot of o< versus hV, 
for any given material, are found to depend on preparation conditions, 
purity and the materials thermal history. Absorption in this region, 
however, has been attributed both to light scattering and to optical 
transitions between localised states and between localised and
extended states.
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2.3 PHOTOCONDUCTIVITY.
Under thermal equilibrium conditions, electrons are constantly 
being excited from the valence band to the conduction band with the 
absorption of energy from the lattice (phonons) or of black body 
radiation. There is a dynamic equilibrium which keeps the number of 
excited carriers constant (thermal fluctuations excepted). The 
principle of detailed balance applies, i.e. each entry -  exit process 
proceeds equally fast in both directions. For example, the same 
number of photons are emitted in the form of black body radiation as 
are absorbed.
When this equilibrium is disturbed, e.g. by the introduction of 
additional external excitation, the principle of detailed balance no 
longer holds, although some fundamental parameters such as the capture 
cross section are usually unchanged. The history of an excited 
carrier, from the time it  is  generated to the time it  returns to the 
original band, can be conveniently divided into generation and 
thermalisation, transport (with trapping and de -  trapping) and 
recombination.
When the excitation is constant with time, a new dynamic 
quasi -  equilibrium is established. Under these circumstances, the 
steady state number of photogenerated carriers, An, is  defined as the 
difference between the number of carriers present with no externally 
applied excitation, n j, and the number of carriers present under 
steady state illumination, n-( , i.e.
Aft =  A; -  Aj ( 2 - 2 T )
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In this section the concepts introduced above w ill be discussed.
2.3.1 EXCESS CARRIER GENERATION.
The principle methods for generating excess carriers are by 
absorption of light, or by injection at non -  neutral contacts or 
junctions. Other methods include ionisation by high energy quanta or 
particles, and impact ionisation. Only the first w ill be considered 
here, although ionisation by electrons is important in drift mobility 
measurements in amorphous semiconductors.
Figure 2.9 illustrates a ll the possible electron transitions 
which can occur in a semiconductor with a single defect level, when it  
is illuminated. Transition No. 1 generates an electron -  hole pair.. 
Transitions No. 4 and 5 generate one free carrier each, and those 
No. 2 and 3 none at a ll. Generation of electron - hole pairs which 
are bound to each other (excitons) is also possible.
2.3.2 QUANTUM EFFICIENCY.
The quantum efficiency,-fl , is  defined as the number of ’’free" 
electron - hole pairs produced per incident photon, "free” here 
meaning free to take part in photoconductivity. For a photon flux, F
G  - 1 i F ( 2 - 3 0 )
E
ne
rg
y
Figure 2.9. Possible electron transitions in the 
fundamental absorption region of a semiconductor 
with one set of defect states.
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where G is the generation rate of free electron - hole pairs.
The quantum efficiency for a given semiconductor is  a function of 
both its optical gap and the photon energy used for excitation. For 
photon energies less than the optical gap the quantum efficiency is  
usually much less than unity, and approaches unity for photon energies 
equal to the optical gap. In some cases, however, the quantum 
efficiency does not approach unity until the absorbed photon energy is  
considerably larger than the optical gap. This phenomenon has been 
observed in amorphous Selenium (22,23,24) where EQ is  estimated as 
2.1 eV (25), but •fl does not approach unity t i l l  photon energies of 
between 2.6 eV and 2.8 eV. This behavior is  illustrated in figure
2 . 1 0  where the quantum efficiency and the absorption co -  efficient 
for a -  Se, are shown as a function of photon energy.
Several models have been proposed, varying in detail, to account 
for the behavior shown in figure 2.10. Hartke and Regensburg (24) 
proposed a two process model, an ordinary interband transition 
generating a free electron - hole pair with unity quantum efficiency, 
and a non - photoconducting generation of excitons which rapidly 
become self trapped and cannot be ionised. The quantum efficiency at 
photon energies, hV, is then
(y )  -  ( 2 - 3l)
£()))+- £ "  [ y )
where is the imaginary part of the dielectric constant. The 
subscripts "PM and "N" refer to the photoconducting and 
non - photoconducting absorption processes respectively.
Figure 2.10. Optical absorption edge and quantum efficiency 
in amorphous Selenium at room temperature. (After ref. 24).
log 
^
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Most of the other models used to explain figure 2.10, involve the 
probability of separating a photogenerated electron -  hole pair from 
the mutual coulombic attraction. Such models have been discussed by 
Tabak and Warter (22), Davis and Mott (20), and by Knights and Davis 
(26), and their main features are shown in figure 2.11. For an 
interband transition with photon energy, hV, the excess kinetic energy 
of the carrier over the local coulombic potential, is
This K.E. is lost by rapid thermalisation by phonon emission while 
the carriers move apart in diffusive motion with a short mean free 
path. When the k - selection rules are relaxed, the rate of emission 
of phonons is of the order of the phonon frequency. The time for the 
carrier to thermalise down to the bottom of the conduction band can 
thus be found, and random walk theory gives the separation of the 
carriers during that time. If  the coulombic binding energy at that 
separation is of the order of kT or less, ionisation w ill be likely to 
take place and the quantum efficiency w ill approach unity for greater 
photon energies. For higher binding energies, the quantum efficiency 
depends upon the relative probabilities of ionisation (which is 
activated) and geminate recombination. An electric field w ill aid in 
the separation of the electron - hole pairs, both by modifying the 
random walk characteristics and by reducing the final ionisation 
barrier, whilst an increased temperature w ill enhance the probability
of ionisation
Figure 2.11. Thermalisation of an electron - hole pair in the 
mutual Coulombic field. (After ref. 26).
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2.3.3 SIMPLE CARRIER KINETICS
As a basic approach to the various types of photoconductivity 
kinetics, consider the simplest case possible; that of an intrinsic 
semiconductor with thermal and optical excitation of electrons from 
the valence band to the conduction band, as indicated in figure 2 .1 2 . 
Before proceeding with an analysis of this situation, three important 
concepts must be introduced.
(1) . The principle of detailed balance which states that at 
equilibrium, the rate at which carriers enter a particular set of 
states, by a ll operative input paths, must be equal to the rate at 
which the carriers depart from the states, again including a ll 
operative exit paths.
(2) . The principle of charge neutrality which states that internal 
thermal or optical carrier generation w ill yield equal numbers of hole 
and electron carriers so that the material w ill remain electrically 
neutral. Care is needed here to avoid the intervention of other 
effects (e.g. different rates of hole and electron diffusion from the 
photoexcited region, influence of contacts, etc.) which may perturb 
the analytically desirable neutrality condition.
(3) . The concept of carrier lifetime, which correlates the steady 
state density of excess carriers, ^n , with the rate of excess carrier 
generation, G. i.e.
An = S t
Conduct ion  Band
Va l en ce  Band
Figure 2.12. Thermal (F) and optical (G) generation of 
electrons and holes in an intrinsic semiconductor, n  ^ and 
are the thermally generated density of carriers and 
An and Ap are the excess density of carriers. R is  the 
recombination process.
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where Ht* is the average lifetime of the excess carriers.
In figure 2.12, i f  the optical generation rate is  G, and the 
thermal generation rate is F, then the rate of change of the free 
electron and hole concentration is  given by
d l  = i t  = F - h £ - ( \ f > C  -  (2 -54)
dfr c l t
C is the capture coefficient for the recombination of a free electron 
with a free hole, and is defined as
C =  v S  -  ( 2 - 3 S )
where v is the carrier thermal velocity, and S is  the band -  to -  band 
capture cross section. In thermal equilibrium in the dark
F = f l j p j C = f ) j < :  -  (2 -36 )
where the subscript "d" refers to the electron and hole densities with 
no photoexcitation. The addition of photoexcitation gives
( F i~ (r) ~ ( flj + A fl) C* (2*37)
Combining equation 2.36 and 2.37 yields
-  ( 2 - 3 8 )G  =  A  0  ( 2 .  f l j  f  A /)). C
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Two s i m p l e  r e g i m e s  c a n  o c c u r  f o r  t h i s  e x p r e s s i o n .  T h e  f i r s t  i s  t h a t  
f o r  w h i c h  A n  «  n j , w h e n
Here, the lifetime is constant and depends upon the density of 
thermally generated carriers in the material. This is known as the 
M0N0M0LECULAR REGION where the photoconductivity is  found to vary 
linearly with excitation level. The second case is that for which 
An »  n j, when
In this case, known as the BIMOLECULAR REGION, the lifetime depends 
upon the excess carrier density, and the photoconductivity is  found to 
vary as the square root of the excitation level. Figure 2.13 shows
photoconductivity, over a range of excitation level which encompasses 
both the regimes introduced above.
When trapping and recombination centers are present in the 
forbidden gap, a ll possible transitions between states must be 
considered. Such an analysis is  not appropriate here, however, since 
as the number of levels of localised states increases, the situation 
rapidly becomes mathematically complex. Main (27,28), however, 
applied the concepts introduced above to a material containing two 
levels of localised states in the forbidden gap, and used the results 
to explain the photoconductivity observed in some amorphous
G  2 n j C
the expected illumination intensity dependence of the
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Figure 2.13. Dependence of the photocurrent on illumination 
intensity in both the monomolecular and the bimolecular regions.
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chalcogenide semiconductors. A brief review of this work w ill be 
given in section 2.3.6.
2 . 3 . 4  QUASI -  F E R M I L E V E L S .
The basic expressions relating the density of free electrons and 
holes to the position of the Fermi level in a semiconductor are
fl = Nc e x p E s J
k T j
p  -  Wv e x p
r- -
_  Esrl
k T j
Pj. and ESp II m i m < •
expressions gives
-  ( 2 \ \ a )
—  ( 2 - l J k )
The product of these two
h T n Nc N» -  ( 2 - 1 , 2 )
n  p
Since the energy gap, = jfT" lft( NcNv/AdJ . then
Efn  + • E$j5 — Ep k~T  M n p
1
-  U - 1 , 3 )
Now in thermal equilibrium, np = n* , and so of course
E*. -h as expected.
Under a steady state situation, in the presence of 
photoexcitation, steady state Fermi levels describe the densities of 
free electrons and holes in the conduction band and valence band
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respectively. They may also be expected to describe the occupation of 
a ll localised levels which are s t i l l  essentially in thermal 
equilibrium with one or other of the bands. Thus, the occupation of 
levels in thermal equilibrium with the conduction band is given by 
r , whilst the parameter for the valence band and its effectively 
equilibrated localised states is p . The occupation of levels not 
in thermal equilibrium with one or other band w ill not be given by 
either of these terms.
Under photoexcitation, np > n^  , and equation 2.43 shows that the 
two steady state Fermi levels separate by an energy kT.ln(np/nj ), as 
illustrated in figure 2.14. For electrons
4  -  <*, -  h-T l„ -  (H t)
with a corresponding expression for holes.
2.3.5 DEMARCATION LEVELS.
The occupation of levels in thermal equilibrium with one of the 
bands is given in terms of the corresponding steady state Fermi 
levels. The demarcation level defines the boundary between occupancy 
determined by effective thermal equilibrium with the nearest band, and 
occupancy determined by recombination kinetics. The location of the 
demarcation level depends upon the specific values of capture 
coefficient for the particular type(s) of localised states present. 
However, it  is always true that J^p ~ ^fp where and
Conduction Band
n = n ^ + A n
-  e:fn
dn
^ f n ^ f p
^dp
“  Ei
fp
p = pd + Ap
Val ence  Band
Figure 2.14. Positions in the energy gap of the electron
and hole demarcation levels (En and E, ) and the quasi -dn dp
Fermi levels (E^n and E£ ) . The position of the Fermi level
with no external excitation is  also shown (E = E ) .fn fp
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Ejp are the positions in the energy gap of the electron and hole 
demarcation levels respectively. Demarcation levels are illustrated 
in figure 2.14.
2.3.6 STEADY STATE PHOTOCONDUCTIVITY.
The variation with temperature of the photoconductivity is  
similar for a ll amorphous materials, and has the general form shown in 
figure 2.15. For a constant illumination intensity (and for uniform 
illumination throughout the specimen) the photocurrent goes through a 
maximum near the temperature at which it  equals the dark current. At
higher temperatures the photocurrent increases with 1/T; this is 
denoted region I. In region I I  the photocurrent decreases with 1/T, 
until in region I I I  it  gradually levels off.
As an example of the types of analysis performed on this 
photoconductive response, the models advanced for chalcogenide 
semiconductors w ill be examined, (photoconductivity in a-Si w ill be 
discussed in Chapter 5). In essence, two fundamental different types 
of models have been adopted:
(a ) . The classical type of model with discrete sets of localised 
states in the energy gap (27-31).
(b) . The "C-F-O" or "Mott-C-F-O" approach with energetically 
distributed localised states in the mobility gap (2,32-37).
lo
g 
(P
h
ot
oc
u
rr
en
t)
\
1 / T
Figure 2.15. Temperature dependence of the photocurrent in 
most amorphous semiconductors. The broken line represents 
the dark current.
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In analysis type (a), Main (27) proceeded by assuming the 
presence in the energy gap of the minimum number of sets of localised 
states necessary to account for the transport data. In materials such 
as As^  Tej and As^ Se ,^ the photoconductivity data appeared to require 
only two sets of localised states in order to account for the observed 
response. However, it  should be noted that this does not rule out the 
occurrence of other localised states, so long as they would not tend 
to dominate the photoresponse behaviour.
A two level model, with the appropriate transition paths is shown 
in figure 2.16. Transitions G and R represent interband generation 
and recombination respectively, and the other paths represent a ll 
possible electron and hole transitions. Some band tailing and states 
at the Fermi level (effectively pinning it ),  were also introduced by 
Main, both having some influence on the charge neutrality condition, 
but not taking part in the recombination traffic. Other assumptions 
were that trapping centers are in quasi -  equilibrium with the nearest 
band and lie  outwith the appropriate quasi -  fermi levels under a ll 
experimental conditions; and that where possible, rates which are 
very small compared to others can be eliminated in determining the 
equilibrium conditions. Using these assumptions, combined with the 
charge neutrality condition, and the appropriate transition equation 
for holes, Main arrived at a solution of the form (for holes):
6 = [ 2 P d A p  +  4 p :
Pi
U M + t c U k4 -  '-‘ P
R
7  -fcH s)
c CG
c vp
Figure 2.16. A two level model used by Main (27, 28) showing a ll  
possible electron and hole transition paths. The capture coefficients 
are: -
C -  C a p t u r e  o f  a  f r e e  e l e c t r o n  b y  a  t r a p p e d  h o l e  a t  E .
C© 0
C - Capture of a free hole by a trapped electron at E . ve 0
C - Capture of a free electron by a trapped hole at E .CP p
c__ ~ Capture of a free hole by a trapped electron at E .VP p
K -  C a p t u r e  o f  a  t r a p p e d  e l e c t r o n  a t  E  b y  a  t r a p p e d  h o l e  a t  E  .
e p
where pj and 4 p are the densities of holes in the dark and due to
photoexcitation respectively, p. and n- are the effective densities of
free holes and electrons which would exist i f  the Fermi level were
coincident with the traps at Ep and Efi respectively, and the other
parameters are defined in figure 2.16. This equation can be solved
for AP anc* clearly there is a small signal case where AP^Pj and
A pc<G (monomolecular regime), and a large signal case where AP^Pj 
x
and APc^G* (bimolecular regime). The three terms in curly brackets 
represent firstly , band to localised recombination via electron 
trapping centers, secondly band to localised recombination via hole 
trapping centers and thirdly localised to localised recombination via 
both sets of localised centers.
Equation 2.45 can be solved for each recombination path
separately and the solution checked against experimental data. The 
activation energy of each solution is found to be a combination of two 
or more of the energies Ec , E ,^ Ep and Ev. To determine which 
solutions are appropriate to the experimental observations, it  is  
necessary to analyse the data carefully and make comparisons with 
other electrical properties, e.g., dark conductivity, transient 
photoconductivity, etc. The above analysis, however, can only explain 
the photoconductivity in regions I  and I I .  Main (27) finds that in 
region I I I  the photoconductivity has a constant activation energy 
which is less than in region I I  (in the case of As^ Te^), and argues 
that the trapped hole quasi - Fermi level approaches E D at lowr
temperature. The expected transition to an unactivated current
behaviour at low temperature is not predicted by equation 2.45.
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Other an a ly se s  which f a l l  in to  c a te g o ry  (a )  a re  th o se  by 
A rnoldussen e l  a l  (2 9 ) , who i n t e r p r e t  the  p h o to c o n d u c tiv ity  r e s u l t s  
using  th re e  d is c r e te  s e ts  o f lo c a l i s e d  l e v e l s ,  and Simmons and Taylor 
(30 ,31) who use a two d i s c r e te  le v e l  model s im ila r  to  th a t  used by 
Main.
S evera l v a r ia n ts  o f th e  a n a ly s is  type (b ) have been advanced to  
an a ly se  p h o to c o n d u c tiv ity  d a ta  on d iso rd e re d  sem ico n d u c to rs . The 
d if f e r e n c e s  between the  v a r ia n ts  in v o lv e  bo th  the  e x te n t and the  
n a tu re  o f the  trap p in g  c e n te rs  c o n tro l l in g  t r a n s i t i o n s .  In  most 
c a s e s , th e  p o s tu la te d  c h a r a c t e r i s t i c s  a re  such as to  produce lo c a l  
peaks in  th e  occupied t ra p  d i s t r i b u t io n  a t  two e n e rg ie s ,  j u s t  as would 
occur in  the  d is c r e te  tra p  c a s e .
Mott and Davis (.2) d is c u s s  p h o to c o n d u c tiv ity  k in e t ic s  u s in g  th e  
l im ite d  band t a i l  model shown in  f ig u re  2 .1 7 . The band t a i l  s t a t e s  
a re  taken  to  be shallow  r e l a t i v e  to  th e  a p p ro p r ia te  Fermi o r 
q u asi -  Fermi le v e l s ,  and th u s  a re  in  e q u ilib r iu m  w ith  th e  f r e e  
c a r r i e r  s t a t e s  beyond th e  m o b ili ty  ed g es . Recom bination i s  assumed to  
occur v ia  lo c a l is e d  to  lo c a l is e d  t r a n s i t io n s  between th e  two t a i l s ,  
bypassing  th e  "bump” a t  mid -  gap , whose s t a t e s  must have a low 
d e n s ity  o r sm all t r a n s i t io n  c o e f f i c i e n t .  M oreover, to  en su re  th a t  
charge n e u t r a l i t y  a t  h igh  e x c i t a t io n  le v e ls  i s  de term ined  by th e  
occupancy of the  t a i l  s t a t e s ,  th e  gap c e n te rs  must be assumed to  
become depopulated  by such i l lu m in a t io n .  Since th e  occupancy o f the  
t a i l  s t a t e s  w il l  peak c lo se  to  t h e i r  t i p s  (u n le s s  th e  energy /  d e n s i ty  
v a r ia t io n  i s  very  r a p id ) , the  t r a n s p o r t  p ro p e r t ie s  w i l l  be dom inated 
by s t a t e s  w ith in  about a kT of th e  t i p s .  Using e f f e c t iv e  d e n s i t i e s  as
F igure 2 .1 8 . C-F-0 m odel.
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e q u iv a le n t to  d e n s i t i e s  o f d i s c r e te  t r a p s  s i tu a te d  a t  th e  t i p s  of th e  
t a i l s ,  th e  a n a ly s is  c le a r ly  becomes c lo s e ly  e q u iv a le n t to  th a t  of Main 
o u tlin e d  above, and th e  co n c lu s io n s  w i l l  be s im i la r .
W eiser e t  a l  (32) i n te r p r e t  p h o to c o n d u c tiv ity  in  the  d iso rd e re d  
a l lo y s  2. Asz Te3 . As^ Se^ in  term s o f the  C-F-0 m odel, shown in  f ig u r e  
2 .1 8 , and lo c a l is e d  to  lo c a l is e d  t r a n s i t i o n s .  A ccording to  t h i s  model 
the  excess c a r r i e r s  th e rm a lise  in  th e  t a i l s  o f th e  lo c a l i s e d  s t a t e s  
w ith  d ecreasin g  p r o b a b i l i ty  as th e  dep th  in c re a s e s .  I t  i s  assumed 
th a t  the  p r o b a b i l i ty  o f recom bination  (v ia  lo c a l i s e d  t r a n s i t i o n s )  
d ecreases  more slow ly  than  the  th e rm a lis a t io n  p r o b a b i l i ty .  Hence, an 
energy w il l  be reached where th e  two a re  equal and below th a t  energy  
( f o r  e le c tro n s )  the  p r o b a b i l i ty  o f recom bination  i s  g r e a t e r .  W eiser 
e t  a l  (32) c a l l  t h i s  c r i t i c a l  energy  the  "recom bination  ed g e" . An 
im portan t consequence o f th e  model i s  th a t  the  t ra p  occupancy i s  a 
maximum a t  the  recom bination  edge. To o b ta in  agreem ent betw een th e  
model and exp erim en ta l d a ta ,  how ever, i t  i s  n e c e ssa ry  to  f u r th e r  
assume th a t  the  th e rm a lis a t io n  p r o b a b i l i ty  d ecrea se s  w ith  energy  ( f o r  
e le c tro n s )  much more ra p id ly  than  seems l i k e ly .  As a r e s u l t ,  th e  t r a p  
occupancy peaks v e ry  sh a rp ly  a t  th e  recom bination  ed g e . This model i s  
then  alm ost in d is t in g u is h a b le  from a d is c r e te  -  t r a p  -  le v e l  m odel, 
w ith  lo c a l is e d  le v e ls  s i tu a te d  a t  en e rg ie s  co rresp o n d in g  to  th e  
recom bination  edge.
Other a n a ly s is  which f a l l  in to  ca teg o ry  (b ) a re  th o se  by 
A rnoldussen e t  a l  (36) who advanced an a n a ly s is  s im i la r  to  W eiser e t  
a l  (32) above, excep t lo c a l is e d  to  lo c a l is e d  t r a n s i t i o n s  v ia  
in te rm e d ia te  s t a t e s  in  mid -  gap a re  assumed to  e x p la in  th e  low
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tem p era tu re  r e s u l t s .  Also Simmons and Taylor (33-35) who co n sid e red  
on ly  band to  lo c a l is e d  t r a n s i t io n s  w ith  no "reco m b in a tio n  edge" s in ce  
th e  t r a n s i t i o n  c o e f f ic ie n t s  a re  assumed no t to  v a ry  r a p id ly  w ith  
energy  a t  any p o in t .  This means th a t  the  peaks in  o c c u p a tio n , which 
a re  due to  th e  d e n s ity  o f s t a t e s  t a i l i n g  and the  f a l l  o f f  in  occupancy 
beyond th e  t ra p  Quasi -  Fermi l e v e l s ,  w i l l  move outw ards w ith  
in c re a s in g  i l lu m in a t io n . As a r e s u l t ,  a p lo t  o f p h o to c o n d u c tiv ity  
( ^ p )  v e rsu s  1/T w i l l  be cu rv ed , and the  i n te n s i ty  r e la t io n s h ip  
in te rm e d ia te  between square  ro o t and l i n e a r .
2 .3 .7  TRANSIENT PHOTOCONDUCTIVITY.
C onsider a s te p  -  fu n c tio n  i l lu m in a tio n  a p p lie d  to  a 
sem iconductor in  therm al e q u ilib r iu m . Then
a t )  -  F d )  -  (2 - u )
where "/I i s  the  quantum e f f ic ie n c y ,  and G (t) and F ( t)  a re  the  
g e n e ra tio n  r a te  o f f r e e  e le c tro n  -  ho le  p a ir s  and th e  photon f lu x  
r e s p e c t iv e ly ,  bo th  being a s tep  fu n c tio n  of tim e .
At tim es s h o r te r  than  the  tra p p in g  tim e fo r  th e  sh a llo w e s t t ra p s
J m
c l t
( ? { Z \ 7 )
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and
d l p k  =  e / j 0  E  J if l  -  ( 2 - 4 S )
d t  d t
w h e re in  i s  the  excess ( e le c tr o n )  c a r r i e r  d e n s ity  9^J0  th e  f r e e  c a r r i e r  
m o b ili ty , E the  a p p lie d  e l e c t r i c  f i e ld  and Ipj^ th e  p h o to c u rre n t. 
Short tim e measurement o f th i s  o rd e rs  have on ly  become p o s s ib le  
r e c e n t ly  w ith  the  in tro d u c tio n  o f p icosecond r e s o lu t io n  tech n iq u es  
(38 -  4 0 ). Vardeny e t  a l  (4 0 ) , re so lv ed  the  th e rm a lis a t io n  of 
pho togenerated  ho t -  c a r r i e r s  in  amorphous S i l ic o n , and observed  the  
tra p p in g  of th e se  c a r r i e r s  by s t a t e s  in  the  m o b ility  gap .
For tim es lo n g e r than  a g iven  trap p in g  t i m e , ^ ^  , and a 
correspond ing  tra p  re le a s e  tim e bu t s h o r te r  than  th e  tra p p in g  tim e 
fo r  an o th er (d eeper) s e t  o f tra p s  and s h o r te r  than  th e  recom bination  
tim e , a q u asi -  therm al e q u ilib r iu m  w il l  be e s ta b l is h e d  between the  
band s ta t e s  and the  tra p s  so th a t
Art +• Artt -  & t  — U -i^ )
and
( 2  S O )
H ere, A nt  i s  th e  excess d e n s ity  o f trapped  e le c tro n s  in  a d e n s i ty  of 
t ra p s  N^, s i tu a te d  a t  an energy below the co n duction  band edge. 
( N ote. The above argument assumes th a t  q u asi -  e q u ilib r iu m  can be 
e s ta b lis h e d  between shallow  tra p s  and th e  band b e fo re
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quasi -  e q u ilib riu m  is  e s ta b lis h e d  w ith  deeper t r a p s  and th e  band. 
The v a l id i t y  o f th i s  assum ption w i l l  be d iscu ssed  in  s e c t io n  2 .5 .5 ) .  
I t  fo llow s th a t
t o
d t
_ e E(r//01L <£XP
7  Ht
P
L.
( 2 ' S t )
whereJ /J  i s  th e  e le c tro n  d r i f t  m o b il i ty .  At s t i l l  lo n g e r t im e s , (o f  
the  o rd e r o f th e  recom bination  tim e and lo n g e r ) , excess c a r r i e r s  w i l l  
be lo s t  due to  reco m b in a tio n , and th e  p h o to c u rre n t w i l l  approach  a 
quasi -  eq u ilib riu m  s i tu a t io n  d e sc rib e d  by s te a d y  s t a t e  
p h o to c o n d u c tiv ity  k i n e t i c s .  I f  th e  e q u ilib r iu m  p h o to c u rre n t i s  s t i l l  
dominated by th e  same s in g le  c a r r i e r ,  i t s  m agnitude may be w r i t t e n  in  
the  form
X p ^ e E C y t / j i '  -  [2 -5 2 )
where eE G / f j  i s  th e  r a t e  o f p h o to c u rre n t r i s e  as  g iven  by eq u a tio n  
2 .5 1 , and ^  i s  th e  average c a r r i e r  t r a p  l im ite d  l i f e t im e  under s tea d y  
s t a t e  i l lu m in a t io n .  I f  th e  m agnitude o f the  d r i f t  m o b il i ty  i s  the  
same under c o n d itio n s  of both  p h o to c u rre n t r i s e  (e q u a tio n  2 .4 5 ) and 
s tead y  s t a t e  p h o to c u rre n t, then  ta k in g  the  r a t i o  o f th e  r a te  o f r i s e  
o f the  p h o to c u rre n t, to  th e  s te a d y  s t a t e  p h o to c u rre n t, y ie ld s  th e  tra p  
l im ite d  c a r r i e r  l i f e t i m e ^ ,  i . e .
ZEpk
t o  /  d t
-  ( 2 - 5 3 )
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Using the  above argum ents, the expected  response  o f th e  
p h o to cu rren t to  a s te p  i l lu m in a tio n  i s  shown in  f ig u r e  2 .1 9 . Regime 
(a )  i s  the  p h o to c u rre n t r i s e  b e fo re  tra p p in g  e v e n ts , regim e (b ) i s  th e  
r i s e  a f t e r  q u asi -  e q u ilib riu m  has been e s ta b l is h e d  w ith  a s e t  of 
t r a p s ,  b u t b e fo re  recom bination  becomes s ig n i f i c a n t ,  regim e (c )  i s  
recom bination  l im ite d  g row th , and regime (d ) fo llow s th e  e s ta b lish m e n t 
o f s tead y  s t a t e  p h o to c o n d u c tiv ity . In th e o ry , th e  p h o to c u rre n t r i s e  
could be c h a ra c te r is e d  by a  number o f l in e a r  re g io n s  co rresp o n d in g  to 
o th e r d is c r e te  t r a p  l e v e l s .
In the  case where th e re  e x is t s  an e n e r g e t ic a l ly  d i s t r ib u te d  t ra p  
c o n f ig u ra tio n , th e  p h o to c u rre n t may reach  q u a s i -  e q u ilib r iu m  w ith  
s p e c i f ic  t ra p  le v e l s  a t  d i f f e r e n t  tim es a f t e r  th e  o n se t of 
i l lu m in a tio n . Under th e se  c ircu m stan ces , th e  p h o to c u rre n t would r i s e  
s u b lin e a r ly  w ith  tim e . The c a r r i e r  d r i f t  m o b ili ty  as  a fu n c tio n  of 
time could then  be found by d i f f e r e n t i a t in g  the  p h o to c u rre n t r i s e  w ith  
re sp e c t to  tim e , commencing a t  th e  o n se t o f i l lu m in a t io n .  Ihe 
d i f f e r e n t i a t io n  would on ly  be v a l id  fo r  tim es s h o r te r  than  the  
recom bination tim e .
2 .3 .8  LIFETIMES AND RISE AND DECAY OF PHOTOCURRENT.
In m a te r ia ls  c o n ta in in g  h ig h  d e n s i t i e s  of t r a p s ,  each c a r r i e r  
w il l  on average undergo many tra p p in g  ev en ts  b e fo re  reco m b in a tio n , 
excep t a t  ve ry  low tem p e ra tu res . When th e  tr a p s  a re  in  
q u asi -  therm al e q u ilib r iu m  w ith  the  re s p e c tiv e  bands, r a te  eq u a tio n s  
must be w r i t te n  fo r  the  whole r e s e rv o i r  o f c a r r i e r s  and fo r  a l l  p a th s .
Ph
ot
oc
ur
re
nt
F igu re  2 .1 9 . Response o f th e  p h o to c u rre n t to  a s te p  fu n c tio n  
i l lu m in a tio n  (a) b e fo re  t r a p p in g , (b) a f t e r  q u a s i -  th e rm a l 
e q u ilib r iu m  has been e s ta b l is h e d  w ith  a s e t  o f t r a p s , b u t  
b e fo re  recom bination  becomes s ig n i f i c a n t ,  (c) reco m b in atio n  
l im ite d  grow th, (d) e s ta b lish m e n t o f  s tead y  s t a t e  p h o to c u rre n t.
Nc
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F igu re  2 .2 0 . Recom bination p a th s  fo r  e le c t r o n s .  Trap p a ram ete rs  
a re  shown a lo n g sid e  recom bination  p a th s .
P a g e  52
C onsidering th e  two d is c r e te  le v e l  model of Main (27) p re v io u s ly  
d is c u s se d , ( f o r  e le c tro n s )
d e sc r ib e s  th e  r a te  o f change o f f r e e  and trap p ed  e le c tro n s  ta k in g  p a r t  
in  the  conduction  p ro c e ss . Ihe r ig h t  hand s id e  i s  th e  g e n e ra tio n  r a te  
fo r  e l e c t r o n s , f r e e  and trapped  a t  Eg , minus the  v a r io u s  
recom bination  r a te s  through th e  p a th s  shown in  f ig u re  2 .2 0 . In  q u asi 
therm al e q u ilib r iu m
A O  A f )  -  (,2-SS)
/If
so th a t
(Afl-tA^)^. J L  d^L ■ -  (2-56) 
d t  0 ;  d i r
A lso , th e  in s ta n ta n e o u s  e le c tro n  recom bination  l i f e t i m e , *1^ , can be 
de fin ed  in  term s o f th e  in s ta n tan e o u s  recom bination  r a t e ,  Rg, and th e  
e le c tro n  d e n s ity  ( f r e e  and tra p p e d ) , i . e . ,
R e %  = A f ) - h A f l t  —  A f l  -  (Z S 7 )
Rg, however, i s  ju s t  th e  second term  on th e  r ig h t  hand s id e  of 
eq u a tio n  2 .5 4 , and so lv in g  fo r  g iv es
= [zfld+Afi] /C:p -f- ( 2 - 5 8 )
l  f), A/p rt; J
P a g e  53
In th e  monomolecular regim e ( Z n j » ^ n ) ,  th e  recom bination  l i f e t im e  i s  
independent o f e x c i ta t io n  in t e n s i t y .  Equation 2.54 can then  be 
w r it te n  as
^  h n  -  6 - -  We M .  -  ( - 2 - 5 9 )
d t  fii
w h e r e i s  th e  c o n s ta n t monomolecular recom bination  tim e . This 
eq u a tio n  can be so lved  (4 1 ) , e . g . ,  fo r  a s te p  fu n c tio n  i l lu m in a t io n ,  
and n e g le c tin g  d i f f u s io n
and
N e  Afl  =
fl i
-  { 2 - 6 0 )
J l p k  _  e E i / j  C g i t )  - -  { 2 - C l )
The fu n c tio n  g ( t )  i s  g iven  by
(2- CZ a )
or
\  tern  j
depending on w hether th e  e x c i ta t io n  i s  sw itched  on o r  o f f  a t  t= 0 , 
re s p e c t iv e ly .
P a g e  54
Equation 2.59 can be a p p lie d  in  g e n e ra l i f  i s  understood  to  
be th e  in s ta n tan e o u s  l i f e t im e ,  bu t i t  i s  o f te n  more u s e fu l to  w r ite  
th e  b im o lecu lar case  as
H e .  d A f t .  _  G -  -  We A {)* &  
A; d t  Di
-  ( 2-63)
where S  i s  the  term  in  c u r ly  b ra c k e ts  in  eq u a tio n  2 .5 4 . Equation 
2.63 can be so lv ed , and fo r  th e  r i s e
Aft = / G - & Q ; | t a , m
Afc
w h ils t fo r  th e  decay
”1
t f  (r& W e.
n>
-  ( z - t y a )
AD =/&eD;'
\  N e /
M e ) _ j, j —  ( 2 ' ^ l j - t )
i . e . ,  th e  r i s e  curve i s  a h y p e rb o lic  tan g en t and th e  decay curve a 
h y p e rb o la .
2 .4  THERMOELECTRIC POWER.
The th e rm o e le c tr ic  power, S, (o r  Seebeck c o e f f i c i e n t ) ,  i s  
determ ined by m easuring th e  v o l ta g e , dV, developed between two p o in ts  
o f a m a te r ia l  m ain ta ined  a t  a sm all tem pera tu re  d i f f e r e n c e ,  dT. For 
an n -  type c r y s ta l l in e  sem iconductor, the  th e rm o e le c tr ic  power i s  
g iven  by
S  = i v
A T e
—
+  A
h T
(2-6S)
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where E^ and E_^  a re  the e n e rg ie s  o f th e  conduction  band edge and th e  
Fermi le v e l  r e s p e c t iv e ly ,  and AkT i s  th e  average energy  o f th e  
t r a n s p o r t  e le c t r o n s ,  measured w ith  re s p e c t to  Ec . Ihe v a lu e  o f A 
depends upon the  s c a t te r in g  p rocess e x is t in g  w ith in  th e  sem iconductor 
and i s  a c o n s ta n t norm ally between 2 and 4. I f  th e  c u rre n t i s  c a r r ie d  
by h o le s , th e  s ig n  of S i s  rev e rsed  and E c -  E^ i s  re p laced  by E j -  E^ 
in  eq u a tio n  2 .6 5 . For am bipolar co n duction  th e  thermopower a s s o c ia te d  
w ith  each c a r r i e r  i s  weighted acco rd in g  to  th e  c o n tr ib u tio n  each makes 
to  the  t o t a l  c u r r e n t .
In  amorphous sem iconductors, no m ajor m o d if ic a tio n  to  e q u a tio n  
2.65 i s  re q u ire d . This i s  m ain ly  because th e  tr a n s p o r t  te rm , A, makes 
only  a sm all c o n tr ib u tio n  to  S, when Ec  -  E^ (o r E^ -  Ey) »  kT. For 
c u rre n t c a r r ie d  in  extended s t a t e s ,  A i s  expected  to  be equal to  u n ity  
(2 ,4 2 ) and Ec (o r Ev) r e f e r s  to  the  a p p ro p r ia te  m o b ility  edge. For 
c u rre n t c a r r ie d  in  lo c a l is e d  s t a t e s  a t  the  band edges, A w i l l  ag a in  be 
sm all and Ec  (o r E^) in  eq u a tio n  2.65 i s  re p la ce d  by E j, where E<J 
re p re se n t the  energy of the  co n duction  pa th  through th e  lo c a l is e d  
s t a t e s .  I f  th e re  a re  se v e ra l co nduction  p a th s  a c tin g  in  p a r a l l e l ,  S 
i s  determ ined  by a w eighted average  over th e  energy  d if fe re n c e  between 
E^ and th e  v a rio u s  c u rre n t p a th s  th rough  th e  energy spectrum . The 
s ig n  o f S i s  th e re fo re  a r e l i a b l e  in d ic a to r  of w hether conduction  in  
the  m a te r ia l  i s  dominated by e le c tro n s  o r h o le s  ( i . e .  n -  type or 
p -  ty p e ) .
At the  tem peratu re  co rrespond ing  to  a t r a n s i t i o n  in  t r a n s p o r t  
from hopping a t  EJ say , to  m otion in  extended s t a t e s  a t  Ec , th e re  w i l l  
be a change in  s lope  o f the  curve o f S v e rsu s  1/T . Because the
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in te r c e p t  of the  thermo power curve on th e  S ax is  a t  1/T = 0 rem ains 
v i r t u a l l y  unchanged, S p a sse s  th rough  a t r a n s i t i o n  re g io n  between two 
cu rves (see  f ig u re  2 .3 ) .  This can be spread  over a f a i r l y  wide 
tem peratu re  range w ith in  which th e  s lo p e  o f S v e rsu s  1/T has l i t t l e  
s ig n if ic a n c e  (4 3 ) .
I f  the  v a r ia t io n  o f th e  w idth  o f th e  m o b ili ty  gap i s  tak en  to  be 
l in e a r ly  dependent on tem p era tu re  w ith  c o e f f ic ie n t  £  , (see  e q u a tio n  
2 .7 ) then  equation  2.65 may be re p laced  by
T h ere fo re , a p lo t  o f S a g a in s t  1/T has s lo p e  (Ec -  Ej;)o (a s  does a 
p lo t  o f In  {<T) v e rsu s  1/T , shown by e q u a tio n  2 .7 )  and the  in te r c e p t  on
measurements may p rov ide  a most d i r e c t  method o f de te rm in in g  the
A nalysis  o f therraopower d a ta  becomes le s s  sim ple when S i s  sm all 
( i . e .  S < A k /e ). I f  th i s  is  n o t because o f am bipolar conduction  b u t 
because -  E^_(or E^. -  Ey) — kT, th en  th e  s i tu a t io n  approaches th a t  
o f a m e ta l, w ith  c u r re n t  being  c a r r ie d  by e le c tro n s  w ith  e n e rg ie s  
w ith in  a few kT of th e  Fermi l e v e l .  In  th i s  c a se , Mott (2) has 
suggested  th a t  the  m e ta l l ic  form ula should  ap p ly , i . e .
th e  S a x is  a t  1/T = 0 y ie ld s  £  . Thus, th e rm o e le c tr ic  power
tem peratu re  c o e f f ic ie n t  £  , of th e  a c t i v a t io n  energy fo r  co n d u c tio n .
S
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Under th e se  c ircu m stan ces , th e  s ig n  o f S depends on w hether th e  
d e n s ity  o f s t a t e s  in  th e  v i c in i t y  of in c re a se s  o r d ec rea se s  w ith  
en ergy . However, some doubt (2) has been thrown on th e  a p p l i c a b i l i t y  
o f eq u a tio n  2 .6 7 .
2.5 EXPERIMENTAL TECHNIQUES FOR THE MEASUREMENT OF 
CARRIER MOBILITIES.
In  c r y s ta l l in e  sem iconducto rs , th e  most common tech n iq u e  fo r  the
measurement of c a r r i e r  m o b i l i t ie s  in v o lv es  the H all e f f e c t .  However,
in  non -  c r y s ta l l in e  m a te r ia ls ,  ex p erim en ta l d a ta  a re  bo th  fragm en tary
- | -2
and anomalous ( 2 ) .  Measured H all m o b i l i t ie s  a re  ty p ic a l ly  10 to  10 
cm V s ' ,  and a re  f re q u e n tly  found to  e x h ib it  an anomalous s ig n  
r e v e r s a l  w ith  re sp e c t to  o th e r  p ro p e r t ie s  p ro v id in g  in fo rm a tio n  
concern ing  the  dominant charge c a r r i e r .  Thus, a lth o u g h  o f some
th e o r e t ic a l  i n t e r e s t ,  H all e f f e c t  m easurements a re  o f minimal v a lu e  in  
th e  s tu d y  of m acroscopic t r a n s p o r t  in  amorphous sem ico n d u c to rs .
A second common te ch n iq u e , in  th e  case  o f c r y s t a l l i n e  
sem iconducto rs, i s  th e  procedure developed by Haynes and Shockley (44) 
in  1949, fo r  the  measurement o f c a r r i e r  d r i f t  m o b i l i t ie s  (se e  f ig u re  
2 .2 1 a ) . In i t s  o r ig in a l  form as  a p p lie d  to  th e  exam ination  o f
specim ens of r e l a t iv e ly  h igh  e l e c t r i c a l  c o n d u c tiv i ty , th e  tech n iq u e  i s  
r e s t r i c t e d  to  the  study o f m in o r ity  c a r r i e r  t r a n s p o r t .  Excess p ack e ts  
o f m a jo r ity  c a r r ie r s  ra p id ly  sp read  out du ring  t r a n s i t ,  so th a t  
in fo rm atio n  reg ard in g  th e i r  t r a n s i t  tim e along th e  specimen i s  l o s t .  
Since th i s  sp read ing  occurs in  a tim e o f th e  o rd e r of th e  d i e l e c t r i c
(a)
F igu re  2 .2 1 . Experim ental te ch n iq u es  fo r  th e  m easurement o f 
c a r r i e r  m o b i l i t ie s .
(a) . The Haynes -  Shockley te ch n iq u e .
( b )  . The tim e o f f l i g h t  te ch n iq u e .
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re la x a tio n  tim e , i t  w i l l  take p lace  more s low ly  in  m a te r ia ls  o f low 
e l e c t r i c a l  c o n d u c tiv i ty , as  in  th e  case  o f most amorphous 
sem iconductors o f i n t e r e s t .  A gainst t h i s ,  amorphous sem iconductors 
a re  c h a ra c te r is e d  by d r i f t  m o b i l i t ie s  which a re  ty p ic a l ly  much lower 
than th o se  in  c r y s ta l l in e  sem iconducto rs , so th a t  t r a n s i t  tim es must 
be reduced to  a c c e p ta b le  sh o r t v a lu e s  i f  th e  tech n iq u e  i s  to  be of 
v a lu e .
An ex p erim en ta l method which ach iev es  th e  above o b je c t iv e s  i s  th e  
"Time o f F lig h t"  te ch n iq u e . This w i l l  be d isc u sse d  in  d e t a i l  below .
2 .5 .1  THE TIME OF FLIGHT TECHNIQUE.
D r if t  m o b ili ty  measurements u sing  th e  tim e o f f l i g h t  tech n iq u e  
have fo r  some tim e been reco g n ised  as a pow erful probe o f th e  
tra n s p o r t  p ro p e r t ie s  o f h ig h  r e s i s t i v i t y ,  low m o b ili ty  m a te r ia ls  (4 5 ) .  
The techn ique p ro v id es  a r a th e r  d i r e c t  and s t r a ig h t  -  forw ard 
e v a lu a tio n  of th e  tr a n s p o r t  p ro p e r t ie s  o f bo th  e le c tro n s  and h o le s  and 
has been ap p lie d  to  a wide range o f bo th  s o l id  and l iq u id  m a te r ia l s .  
The b a s ic  id eas  o f th e  tim e o f f l i g h t  tech n iq u e  a re  i l l u s t r a t e d  
sch em a tica lly  in  f ig u re  2 .21b . A sample o f m a te r ia l  (S ) i s  sandwiched 
between two non -  in je c t in g  c o n ta c ts  (T and B) a c ro ss  which a b ia s  
v o lta g e  (V ) i s  a p p lie d . A s h o r t  p u lse  o f s tro n g ly  absorbed r a d ia t io n  
passes th rough th e  to p  semi -  t r a n s p a re n t  e le c tro d e  and g e n e ra te s  a 
th in  sh ee t o f c a r r i e r  p a ir s  in  a p e rio d  much s h o r te r  than th e  tim e 
req u ired  fo r  th e  c a r r i e r s  to  t r a v e r s e  the  sample ( t r a n s i t  t im e ) . The 
in te n s i ty  of the  r a d ia t io n  must be s u f f i c i e n t l y  low as  to  avo id  space
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charge e f f e c ts  and the  response tim e o f th e  d e te c to r  (D) f a s t  enough 
so th a t  d e ta i l  o f th e  t r a n s ie n t  response  can be re s o lv e d . I f  the  
d i e l e c t r i c  re la x a tio n  tim e i s  much lo n g e r than  any subsequen t tim e of 
o b se rv a tio n , then  th e  c a r r i e r  p a ir s  can be se p a ra te d  and the 
independent d r i f t  of e i th e r  c a r r i e r  s tu d ie d  by ch o ice  o f the  
a p p ro p r ia te  p o la r i ty  o f b ia s  v o l ta g e .  A part from a sh o rt, tim e 
im m ediately a f t e r  e x c i t a t io n ,  th e  c u r re n t  flow ing in  th e  r e s i s t o r  (R ), 
w i l l  be due to  th e  d r i f t  o f excess c a r r i e r s  produced by th e  r a d ia t io n .  
This t r a n s ie n t  c u r r e n t ,  as m easured in  the  e x te rn a l  c i r c u i t ,  may b ear 
a predom inant fe a tu re  a s s o c ia te d  w ith  th e  c a r r i e r  e x t r a c t io n  tim e a t  
the  back e le c tro d e , which can be an aly sed  in  term s o f th e  c a r r i e r  
t r a n s i t  tim e.
The t r a n s i t  can be m onitored  in  e i th e r  th e  in te g ra te d  or 
non -  in te g ra te d  mode, depending on th e  r e l a t i v e  m agnitude o f the  
t r a n s i t  tim e, and th e  e x te rn a l  c i r c u i t  CR tim e c o n s ta n t .  I f  
CR «  t T , a re c ta n g u la r  c u r re n t  p u lse  i s  observed as in  f ig u re  2 .2 2 a , 
whereas i f  CR »  t ^ ,  i t s  in t e g r a l ,  a ramp fu n c tio n  as shown in  f ig u re  
2 .22b , i s  the  observed re sp o n se . In  the  fo llo w in g  d is c u s s io n , the 
p u lse s  desc rib ed  w i l l  be th o se  fo r  which CR «  t r , i . e .  
non -  in te g ra te d  c u rre n t p u ls e s .
2 .5 .2  CONVENTIONALLY DISPERSIVE TRANSPORT.
In the  id e a l case  when a l l  th e  c a r r i e r s  e x c ite d  in to  th e  system  
p re v io u s ly  d esc rib ed  su rv iv e  t h e i r  jou rney  a c ro ss  th e  specim en, and 
th e  charge m ain ta in s i t s  i n i t i a l  sh e e t d i s t r i b u t i o n ,  an id e a l  c u r re n t
(e) f  *
F ig u re  2 .2 2 . Types o f  t r a n s i e n t  c u r re n t  p u ls e  expec ted  from 
a tim e o f f l i g h t  experim en t.
( a )  . I d e a l  n o n  -  i n t e g r a t e d .
( b )  . I d e a l  i n t e g r a t e d .
( c )  . C o n v e n t i o n a l l y  d i s p e r s i v e .
( d )  . R e c o m b in a t io n  l i m i t e d .
( e )  . A n o m o lo u s ly  d i s p e r s i v e .
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p u lse  as  shown in  f ig u re  2.22a w i l l  be o bserved . The d r i f t  o f charge 
a c ro ss  th e  sample g e n e ra te s  a c o n sta n t c u r re n t  in  the  e x te rn a l  
r e s i s t o r  the  d u ra tio n  o f which i s  s e t  by th e  c a r r i e r  t r a n s i t  tim e , t ^ .  
In p ra c t ic e  t h i s  type o f t r a n s ie n t  i s  never observed and i t  i s  l i k e ly  
th a t  th e re  w i l l  be some amount o f deep tra p p in g  which w il l  reduce th e  
charge sh ee t as i t  moves through th e  sam ple. C e r ta in ly , th e  charge 
sh ee t w i l l  s t a t i s t i c a l l y  broaden as th e  c a r r i e r s  th e rm a lly  d i f f u s e  ou t 
o f the  sh ee t r e s u l t in g  in  a c u r re n t p u lse  which may appear more l ik e  
th a t  shown in  f ig u re  2.22c where th e  e x tra c t io n  tim e fe a tu re  a t  t j -  i s  
now le s s  sh a rp . E x p e rim en ta lly , i t  has been observed  (46) th a t  th e  
most id e a l  t r a n s ie n t s  a re  produced in  amorphous selen ium  around room 
te m p e ra tu re .
The r e l a t i v e  degree of d is p e rs io n  o f th e  d r i f t i n g  charge packet 
i s  o f o rd e r
where E i s  th e  a p p lie d  e l e c t r i c  f i e l d ,  L th e  sample th ic k n e s s , and D, 
a d if fu s io n  c o e f f ic ie n t  which i s  r e la te d  to  th e  c a r r i e r  m o b i l i ty y t / ,  
v ia  the  E in s te in  r e la t io n s h ip
Thus, i f  measurements a re  perform ed upon specim ens of d i f f e r in g  
th ic h n e s s e s , a t  id e n t ic a l  ap p lie d  e l e c t r i c  f i e l d s ,  i t  i s  in t e r e s t in g  
to  no te  th a t  v a r ia t io n s  in  the r e l a t i v e  degree o f d is p e r s io n  should be 
observed , w ith  th ic k e r  specim ens being  c h a ra c te r is e d  by le s s
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d is p e r s iv e  t r a n s i t  p u ls e s .
In  most of th e se  c o n v e n tio n a lly  d is p e r s iv e  t r a n s i e n t s ,  i f  the  
e f f e c t  o f deep tra p p in g  i s  not too s e v e re , i t  i s  p o s s ib le  to  de term ine  
t j . ,  and a d r i f t  m o b ility  can be unam biguously d e fin ed  by
y  =  £  ~  U ' 7 o )
7  \ t T
yt/ can norm ally  be found a c c u ra te ly  by m easuring th e  s lo p e  o f a p lo t  of 
v e rsu s  1 / t^ .
I f  deep tra p p in g  e f f e c t s  p redom ina te , i t  may no t be p o s s ib le  to  
p ick  o u t the  t r a n s i t  time from th e  c u rre n t t r a n s ie n t  (se e  f ig u re  
2 .22d) , ren d e rin g  th e  tim e of f l i g h t  method in e f f e c t iv e .  Young e t  a l  
(4 7 ) , however, suggested  th a t  by u sin g  an i n t e r d i g i t a l  bottom  
e le c tro d e ,  i t  may s t i l l  be p o s s ib le  to  observe an e x tr a c t io n  f e a tu re  
under c o n d itio n s  o f severe  tra p p in g . These w orkers used such an 
e le c tro d e  arrangem ent to  observe e le c tro n  t r a n s ie n t s  in  an th racen e  
(4 7 ) .
2 . 5 . 3  THE E F F E C T  OF T R A P P IN G .
In  th e  case of a m a te r ia l  w ith  a s ig n i f ic a n t  c o n c e n tra tio n  of 
lo c a l is e d  s t a t e s ,  i t  i s  by no means p o ss ib le  to  assume th a t  c a r r i e r s  
w il l  t r a v e r s e  the  specimen in  s t a t e s  co n fined  to  a s in g le  en erg y . A 
p a r t i c u la r  im portan t d e p a rtu re  from t h i s  l im it in g  s i tu a t io n  i s  th a t  of 
t r a p  -  l im ite d  band m otion (4 8 ) . H ere, t r a n s p o r t  o f a c a r r i e r  v ia  
extended s ta t e s  i s  re p e a te d ly  in te r ru p te d  by tra p p in g  in  lo c a l is e d
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s ta t e s  (w ith  subsequent re  -  em ission  in to  extended s t a t e s  a f t e r  a 
p e riod  spen t im m o b ilised ). The m acroscopic d r i f t  m o b i l i ty , j / j y fo r  
such a c a r r i e r  i s  reduced from th e  v a lu e  fo r  f r e e  c a r r i e r s  J^(JQ , by a 
f a c to r  tak in g  in to  account the  p ro p o rtio n  o f tim e sp en t in  t r a p s .  
Under s tead y  s t a t e  c o n d itio n s
M -  = ' f t ( 2 - 7 1 )
where and Uf. a re  r e s p e c tiv e ly  th e  mean f r e e  c a r r i e r  tra p p in g  tim e , 
and the  mean f r e e  c a r r i e r  r e le a s e  t im e .
For the s im p le s t case  o f a s in g le  s e t  o f lo c a l i s e d  s t a t e s ,  o f 
d e n s ity  Nt , s i tu a te d  a t  a p a r t i c u la r  energy  E^, th e  t r a p  l im ite d  d r i f t  
m o b ility  o f c a r r i e r s  moving in  ex tended s t a t e s  i s  g iven  by (45)
/ ,  ■ / {  / +  J k  e * p (  | |
f r T 7  J
{ 2 7 2 )
where Nc  i s  th e  e f f e c t iv e  d e n s i ty  o f ex tended s t a t e s .  At s u f f i c i e n t l y  
low tem p e ra tu res , eq u a tio n  2 .72 p r e d ic ts  an e x p o n e n tia lly  d e c rea s in g  
e f f e c t iv e  m o b ility  which in  p r in c ip le  p e rm its  th e  d e n s i ty  o f t r a p s ,  
and th e i r  depth  to  be determ ined from a s tu d y  o f th e  tem p era tu re  
dependence of^  .
Under c o n d itio n s  where lo c a l is e d  s t a t e s  a re  d i s t r ib u te d  over a 
range o f energy , i t  i s  s t i l l  p o s s ib le  to  compute a v a lu e  fo r  th e  
s tead y  s t a t e  d r i f t  m o b ili ty , p ro v id in g  th a t  the  t o t a l  trap p ed  c a r r i e r  
d e n s ity  rem ains f i n i t e  under q u a s i -  therm al e q u ilib r iu m  c o n d it io n s .
Ihen eq u a tio n  2.72 may be re p la ce d  by
oO
Je. $ $ & ) ( ! £ ( 2 - 7 3 )
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where g(E) and f(E ) a re  r e s p e c t iv e ly  th e  d e n s i ty  o f s t a t e s  and 
o ccu pation  p ro b a b i l i ty  a t  energy E. In p r in c ip le ,  eq u a tio n  2.73 may 
be ap p lied  to  any d e n s ity  o f s t a t e s  d i s t r i b u t i o n ,  b u t in  many cases  an 
ex ac t s o lu tio n  cannot be o b ta in e d . One p a r t i c u la r  d e n s ity  o f s t a t e s  
d i s t r i b u t io n ,  fo r  which eq u a tio n  2.73 may be r e a d i ly  a p p lie d  and 
so lv ed , i s  th e  l in e a r  t a i l  of s t a t e s  model of Mott and Davis (2) (s e e  
f ig u re  2 .1 7 ) . In  th i s  case  a s tead y  s t a t e  d r i f t  m o b il i ty  i s  o b ta in e d , 
which in  the  low tem pera tu re  approx im ation  (trap p e d  c a r r i e r s  »  f r e e  
c a r r i e r s ) , i s  o f o rd e r
where AE re p re se n ts  th e  e x te n t o f th e  l in e a r  t a i l .
An a l te r n a t iv e  to  t r a p  -  l im ite d  band m otion i s  t ra p  -  l im ite d  
hopping (4 9 ,5 0 ) , where c a r r i e r s  hop between sh allow  lo c a l is e d  s t a t e s  
w ith  c o n s ta n t in te r r u p t io n  by tra p p in g  in  deeper lo c a l is e d  s t a t e s .  
Under th e se  c o n d itio n s  a d r i f t  m o b ili ty  may be d e riv e d  from eq u a tio n  
2.71 by re p la c in g ^ ) 0  w ith  a hopping m o b ili ty  a p p ro p r ia te  to  m otion 
between the  shallow er lo c a l is e d  s t a t e s , and ^  and by tra p p in g  and 
re le a s e  tim es a s s o c ia te d  w ith  the  d e t a i l s  o f th e  d i s t r i b u t io n  o f 
lo c a l is e d  s ta t e s  under c o n s id e ra t io n .
The d isc u ss io n  in  t h i s  s e c t io n  so f a r  has assumed th a t  therm al 
e q u ilib riu m  e x is t s  between e le c tro n s  (o r  h o le s )  in  extended s t a t e s  and 
in  tra p s  (o r  between two s e ts  of t r a p s  in  th e  case  o f t r a p  l im ite d  
hopp ing ). This w il l  n o t be th e  c a se , however, when t r a p  re le a s e  tim es 
a re  g re a te r  than  the  measured c a r r i e r  t r a n s i t  tim e . The c o n d itio n
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th a t  a tra p  w il l  r e le a s e  a c a r r i e r  d u rin g  th e  passage o f a t r a n s i t  
p u lse  i s
U - 7 S )
where tp  i s  th e  d u ra tio n  o f the  p u lse  and V i s  a phonon "a ttem p t to  
escape" frequency . For deep t r a p s  t-p, and t h e i r  e f f e c t  on tim e 
o f f l i g h t  p u lses  w i l l  depend upon th e i r  l i f e t im e  w ith  re s p e c t to  
f r e e  c a r r i e r s .  I f ^ >  t j f then  th e  p resence  of deep c e n te rs  w i l l  have 
l i t t l e  e f f e c t .  With s h o r te r  l i f e t i m e s ^ -  t^., th e re  w i l l  be a lo s s  of 
f r e e  c a r r i e r s  du ring  th e  c a r r i e r  t r a n s i t ,  r e s u l t in g  in  a la ck  of 
s a tu r a t io n  in  th e  charge c o l le c te d  a t  th e  back e le c t r o d e .  Under th e se  
c o n d it io n s , i t  i s  s t i l l  p o s s ib le  to  determ ine an e x tr a c t io n  tim e , bu t 
i t  i s  im portan t to r e a l i s e  th a t  on ly  th o se  tr a p s  w ith  a r e le a s e  time 
le s s  than  th e  t r a n s i t  tim e a re  being  probed. F in a l ly ,  i f  i s  
a p p re c ia b le  s h o r te r  than  t ^ ,  a l l  th e  charge i s  trap p ed  b e fo re  i t  
c ro sse s  the  sam ple, and the  tim e o f f l i g h t  method can no lo n g e r be 
a p p lie d .
2 . 5 . 4  ANOMOLOUSLY D IS P E R S IV E  T R A N SPO R T.
The s l ig h t  rounding o f th e  t r a n s i t  p u lse  around t^- in  the  
c o n v e n tio n a lly  d is p e r s iv e  case was a t t r ib u te d  to  th e  s t a t i s t i c a l  
sp read  in  the  a r r iv a l  tim es o f in d iv id u a l  c a r r i e r s  in  th e  charge sh ee t 
a t  the  back e le c tro d e .  In  some c a s e s , however, th e  d is p e r s io n  of 
t r a n s i t  p u lses  was found to  be much more than  th a t  expected from 
co n v en tio n a l th e o ry , and in  many cases  the  c u r re n t  t r a n s ie n t s  were
com pletely  f e a tu r e le s s  as shown in  f ig u r e  2 .2 2 e . Even when a t r a n s i t  
tim e f e a tu re  could  be d is t in g u is h e d , th e re  e x is te d  a long t a i l  to  th e  
c u rre n t a f t e r  th e  t r a n s i t  tim e su g g es tin g  a c o n s id e ra b le  sp read  in  th e  
t r a n s i t  tim e o f in d iv id u a l c a r r i e r s ,  which was s ig n i f i c a n t ly  l a r g e r  
than  a G aussian sp re ad . The b e s t  documented cases o f th i s  ty p e  o f 
o b se rv a tio n  a re  from measurements perform ed on a -  As2 S ej (51-55) and 
a -  Se (5 6 ) . a -  Selenium i s  o f p a r t i c u la r  i n t e r e s t  s in c e  th e  
t r a n s i t io n  from co n v en tio n a l b eh av io u r a t  room tem p era tu re  to  
anom alously d is p e r s iv e  t r a n s p o r t  can be observed as th e  sam ple i s  
cooled to  about 190K (5 6 ) .
E arly  a ttem p ts  to  an a ly se  d is p e r s iv e  t r a n s p o r t  (5 2 ,5 3 ) led  
Scharfe (52) to  d e sc r ib e  the  phenomenon as in v o lv in g  c a r r i e r s  
p o ssess in g  a range o f d r i f t  m o b i l i t i e s .  However, a t  th a t  t im e , th e  
concept was no t in  i t s e l f  o f g r e a t  v a lu e , s in c e  i t  was d i f f i c u l t  to  
imagine how such a spread  o f d r i f t  v e lo c i t i e s  could  a r i s e  in  
a p p a re n tly  homogeneous m a te r ia ls .  Thus, a lth o u g h  t r a n s i t  p u ls e s  of 
th i s  anomalous form were observed in  th e  e a r ly  1970s, t h e i r  o r ig in  
remained a m yste ry . Even so , a d e ta i le d  phonom ological 
c h a r a c te r is a t io n  o f th e  phenomenon was ach iev ed , p r im a r i ly  as a 
consequence o f v a rio u s  s tu d ie s  by in v e s t ig a to r s  a t  th e  Xerox R esearch  
L a b o ra to rie s  (5 7 ,5 8 ) . From th i s  work th re e  main p ro p e r t ie s  emerged 
which were used to  c h a r a c te r is e  anom alously  d is p e r s iv e  t r a n s p o r t .
( 1 ) .  “U n iv e rs a l i ty ” o f t r a n s i t  p u lse  sh ap e ; i . e .  t r a n s i t  p u lse s  
ob ta ined  from measurements upon a g iv en  specimen a t  v a r io u s  v a lu e s  o f 
ap p lied  e l e c t r i c  f i e ld  and tem p era tu re  were suggested  to  e x h ib i t  
alm ost id e n t ic a l  degrees o f r e l a t i v e  d is p e r s io n .
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(2 ) .  The a lg e b ra ic  tim e dependence o f th e  excess c u r r e n t ;  i . e .  i f  
an anom alously d is p e r s iv e  t r a n s i t  p u lse  were r e p lo t te d  using  
lo g a rith m ic  a x is  o f bo th  c u rre n t and tim e , a curve was o b ta in ed  which 
appeared e s s e n t i a l ly  as two s t r a ig h t  l in e s  o f d i f f e r e n t  n e g a tiv e  s lope  
sep a ra ted  by a "knee" a t  a tim e c lo se  to ,  bu t no t th e  same a s ,  th a t  
taken  to  be th e  t r a n s i t  tim e from a l in e a r  p l o t .  The t r a n s i t  p u lse  
was thus c h a ra c te r is e d  by
I  t  (l ^  ( o  <  t  <  t T )  -  ( 2 - 7 6 < l )
( 3 ) .  These a lg e b ra ic  o r power law c h a r a c t e r i s t i c s  were f u r th e r  
suggested  to  be i n t e r  -  r e l a t e d ,  in  th e  sense th a t  th e  param eters  o<t 
and were i d e n t i c a l ,  i . e .
F igure 2.23 d is p la y s  ex p erim en ta l d a ta  fo r  a -  As^Se^, 
i l l u s t r a t i n g  bo th  th e  u n iv e r s a l i ty  o f p u lse  shape and th e  occurance of 
the  two reg im es.
The f i r s t  a ttem p t to  e x p la in  why t r a n s i t  p u lse s  in  amorphous 
sem iconductors should e x h ib i t  anomalous d is p e r s io n ,  were n o t made 
u n t i l  1971 when M arshall and Owen (59) and S i lv e r ,  Dy and Huang (60) 
examined the p o s s ib i l i t y  th a t  in  th in  specim ens, c a r r i e r s  moving in  
extended s ta t e s  m ight ex p erien ce  ju s t  a few tra p p in g  ev en ts  (on
I  «*•
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F igure  2 .2 3 . Superimpose t r a n s i e n t  c h a r a c t e r i s t i c s  fo r  h o le  c a r r i e r s  
in  amorphous As^ Se^ a t  room te m p e ra tu re , under v a r io u s  v a lu e s  o f  
a p p lie d  e l e c t r i c  f i e l d .  (A fter r e f .  5 1 ).
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average) during  t r a n s i t .  Thus, w h ils t  some c a r r i e r s  m ight be trapped  
s e v e ra l tim es during  t r a n s i t ,  o th e rs  would c ro ss  the  specim en w ith o u t 
l o c a l i s a t io n ,  g iv in g  a broad sp read  o f in d iv id u a l  c a r r i e r  t r a n s i t  
t im e s . However, w h ils t  such a mechanism would y ie ld  a c o n s id e ra b le  
degree o f d is p e r s io n ,  i t  was d i f f i c u l t  to  r e c o n c ile  i t  w ith  th e  
ap p aren t c h a r a c te r i s t i c  o f  u n iv e r s a l i ty  o f shape .
A m ajor advance in  th e  und ers tan d in g  o f the  s u b je c t was ach ieved  
in  1975 when Scher and M ontro ll (51) developed a d e s c r ip t io n  o f 
anom alously d is p e r s iv e  tr a n s p o r t  based on a s to c h a s t ic  hopping 
p ro c e ss . The p re d ic tio n s  o f th e  Scher and M ontro ll (SM) th e o ry , 
a lthough  c o n tro v e r s ia l ,  have been used to  e x p la in  p o s s ib le  fundam ental 
mechanism g iv in g  r i s e  to  anom alously d is p e r s iv e  t r a n s p o r t .  What 
fo llow s i s  a b r ie f  summary of th e  main f e a tu re s  of t h e i r  work.
The s i tu a t io n  d e sc rib e d  by th e  SM th e o ry  i s  one where th e re  i s  a 
wide spread in  in d iv id u a l  c a r r i e r  t r a n s i t  t im e s . This i s  ex pec ted  to  
be th e  case in  d iso rd e re d  m a te r ia ls  where param eters such as t ra p  
d ep th , hopping d is ta n c e  and energy  a re  l i k e ly  to  v a ry  w id e ly . These 
param eters in  the  argum ents of e x p o n e n tia l fu n c tio n s  c o n tro l  th e  r a te  
o f in d iv id u a l tra n s p o r t  s te p s ,  r e s u l t in g  in  the  s te p  r a t e  d isp la y in g  
an even g re a te r  v a r i a t io n .  Even a f t e r  many tra p p in g  ev en ts  o r  hops, 
the  even t tim es experienced  by in d iv id u a l  c a r r i e r s  can be s u f f i c i e n t l y  
d i f f e r e n t  th a t  a marked d is p e r s io n  in  t r a n s i t  tim e r e s u l t s .
SM approached th e  problem by t r e a t in g  the  c a r r i e r  m otion as a 
"con tinuous tim e random walk" (CTRW) where the  m obile charge  moves in  
a random w alk, by hopping from one s i t e  to  an o th er in  an a r ra y  of 
lo c a l is e d  s t a t e s .  The random walk i s  b iased  in  one d i r e c t io n  to
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sim u la te  the  e f f e c t  of an ap p lied  f i e l d .  The m ajor c o n c lu s io n  o f SM 
i s  th a t  th e  even t tim e d i s t r ib u t io n  fu n c tio n , V|/( t )  , which i s  a m easure 
o f the  p ro b a b i l i ty  o f a s te p  in  th e  m otion o c cu rrin g  a t  a tim e , t ,  
a f t e r  trap p in g  in  a p a r t i c u la r  s i t e ,  can be approxim ated by
f H )  « .  -  ( 2  7 8 )
where O^ . l i e s  between 0 and 1. One fe a tu re  o f t h i s  d i s t r i b u t io n  
fu n c tio n  i s  th e  slow v a r ia t io n  o f  |p ( t )  w ith  tim e , which en su res  th a t  
over a wide range o f tim e , a  c a r r i e r  has a s u b s ta n t ia l  p r o b a b i l i ty  fo r  
a jump. This c o n tr a s ts  w ith  th e  f a m i l ia r  e x p o n en tia l d i s t r i b u t i o n ,  in  
which th e  p ro b a b i l i ty  of a jump i s  governed by a s in g le  t r a n s i t i o n
A second o b se rv a tio n  noted  by SM was th a t  w h ile  th e  d i s t r i b u t io n  
in  2.79 g ives r i s e  to  co n v en tio n a l G aussian t r a n s p o r t ,  2.78 causes the  
m otion o f a charge packet to  be such th a t  th e  r a t i o  /<1> i s  
independent of tim e . (T~ i s  th e  d is p e r s io n  o f th e  c a r r i e r  d i s t r i b u t io n  
and <1> i t s  mean p o s i t io n .  In  c o n t r a s t ,  fo r  G aussian t r a n s p o r t
. t ,
<T/  <1> p^t2-. With G aussian t r a n s p o r t ,  th e  maximum o f th e  charge  
d i s t r ib u t io n  moves obv iously  in  tim e , w hile  fo r  the  d is p e r s iv e ,  
non -  G aussian c a s e , th e  maximum rem ains c lo se  to  i t s  i n i t i a l  
p o s i t io n .  Some id ea  o f th e  d i f f e r in g  p ro p ag a tio n  c h a r a c t e r i s t i c s  can 
be gained from f ig u re s  2.24a and b . These diagram s show how th e  
charge d i s t r ib u t io n  develops fo r  bo th  d is p e r s iv e  and non -  d is p e r s iv e
ca
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F igu re  2 .2 4 . The ev o lu tio n  o f th e  d i s t r ib u t io n  o f d r i f t i n g  charge c a r r i e r s  in  a specimen fo r  th e  cases  in  
w hich, (a) 'F(t) has th e  "conv en tio n a l"  form , (b) ¥ ( t)  has th e  anomolous form. Time in c re a se s  from th e  top  
to  th e  bottom  diagram .
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t r a n s p o r t .
In  term s of c u r re n t  flow , SM f in d  th a t  the  t r a n s ie n t  c u r re n t 
decays a lg e b r a ic a l ly  as
fo r  <1> << L, where L i s  th e  sample th ic k n e s s . Thus, even in  an 
i n f i n i t e l y  th ic k  specim en, the  c u r re n t  w i l l  decay , though no c a r r i e r s  
a re  e x tra c te d  a t  th e  back e le c t ro d e .  When c a r r i e r s  a re  e x t r a c te d ,  the  
c u rre n t f a l l s  o f f  f a s t e r  as
Equation 2.81 i s  expected to  app ly  when <1> »  L. i s  de term ined  by 
such th in g s  as t r a p  d e p th , hopping d is ta n c e  and en erg y , and so i s  a 
c h a r a c te r i s t i c  o f a g iven  system .
A c u rre n t p u lse  d e sc rib e d  by e q u a tio n s  2.80 and 2.81 w i l l  e x h ib i t  
the  u n iv e r s a l i ty  e x p e r im en ta lly  o b serv ed , s in c e  th e  shape o f th e  p u lse  
w i l l  n o t a l t e r  as th e  t r a n s i t  tim e v a r i e s .  I f  th e  p u lse  i s  p lo t te d  on 
lo g a rith m ic  s c a l e s , th e  power law  decay w i l l  g e n e ra te  two l in e a r  
reg io n s  o f d i f f e r e n t  s lo p e , ju s t  as in  f ig u r e  2 .2 3 . The tim e a t  which 
the  knee on the  curve occurs w i l l  be a m easure o f th e  tim e a t  which
the  f a s t e s t  c a r r i e r s  reach  the  back e le c t r o d e .
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SM a lso  deduced th a t  the  t r a n s i t  tim e would be dependent bo th  on 
e l e c t r i c  f i e l d ,  E, and sample th ic k n e s s ,  L, in  a d i f f e r e n t  way from 
co n v en tio n a lly  d is p e r s iv e  t r a n s p o r t . They found th a t
where 1 i s  th e  average d is ta n c e  th a t  a c a r r i e r  moves between each 
lo c a l is e d  s i t e  in  th e  d i r e c t io n  o f  th e  a p p lie d  f i e l d .  At low f i e l d s ,  
1 should be p ro p o r tio n a l to  E, r e s u l t in g  in  the  r e la t io n s h ip
Since <?<,.< 1, eq u a tio n  2.83 im p lie s  th a t  t T and 1/t-j- w i l l  e x h ib i t  
s u p e r lin e a r  dependencies on sample th ic k n e ss  and f i e l d  r e s p e c t iv e ly .  
This a lso  means th a t  the  d r i f t  m o b ili ty  d e fin ed  by e q u a tio n  2 .70  w i l l  
be both  f i e ld  and th ic k n e ss  dependen t.
A fte r p u b lic a t io n  o f the  SM th e o ry , much ex p erim en ta l work was 
c a r r ie d  ou t in  o rd e r to  t e s t  i t s  v a l i d i t y .  I t  was su b seq u en tly  shown 
by P f i s t e r  (5 5 ,5 6 ,6 1 ) , Scher (51) and o th e rs  th a t  th e  th e o ry  does in  
f a c t  g ive  a good d e s c r ip t io n  o f some o f th e  f e a tu re s  o f d is p e r s iv e  
t r a n s p o r t .  However, d e v ia tio n s  from the  SM th e o ry  do e x i s t .  I t  was 
shown by M arshall (62) and by P f i s t e r  (56) th a t  u n iv e r s a l i ty  o f 
c u r re n t p u lse  shape w ith  tem p era tu re  i s  no t o b ta in ed  in  th e  case  o f 
h o le  tra n s p o r t  in  amorphous Selenium . A d d itio n a lly , i t  was noted  th a t  
w h ils t  t r a n s i t  p u lse s  observed a t  low tem pera tu re  may be c h a ra c te r is e d  
to  a f i r s t  approxim ation  as in v o lv in g  two power -  law reg im es, th e re  
were d e te c ta b le  d e v ia t io n s  from such a lg e b ra ic  b eh av io r w ith in  the
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ex p e rim en ta lly  -  a c c e s s ib le  tim e ra n g e . M oreover, fo rc e  -  f i t t e d  
v a lu es  o f <*, o b ta in ed  from the  t r a n s i t  p u lse  b e fo re  and a f t e r  the 
t r a n s i t  tim e were found in  g e n e ra l no t to  be equal to  one an o th er 
(6 3 -6 7 ). These d e v ia t io n s  from th e  SM th e o ry  lead  some w orkers to  
look  fo r  an a l t e r n a t iv e  d e s c r ip t io n  o f anom alously d is p e r s iv e  
t r a n s p o r t .  Such a d e s c r ip t io n  was o b ta in ed  in  th e  form of a t ra p  
l im ite d  band tra n s p o r t  mechanism. The b a s is  o f t h i s  approach  i s  
o u tlin e d  below.
The p o s s i b i l i t y  th a t  anom alously d is p e r s iv e  tr a n s p o r t  may a r i s e  
in  th e  case  o f t ra p  l im ite d  band t r a n s p o r t  became c le a r  from a number 
of s tu d ie s  p u b lish ed  in  1977. M arsha ll (4 ,6 8 ) and S ilv e r  and Cohen 
(69) exp lo red  th e  s i tu a t io n  v ia  Monte C arlo s im u la tio n  te c h n iq u e s , in  
which th e  t r a n s p o r t  of each c a r r i e r  th rough  a specimen was modeled 
using  random number procedures to  de term ine  each f r e e  c a r r i e r  tra p p in g  
tim e and trap p ed  c a r r i e r  r e le a s e  tim e . A d d itio n a lly , Schm idlin 
(70 ,71) and Noolandi (72,73) perform ed th e o r e t i c a l  a n a ly s is  fo r  model 
system s. I t  r a p id ly  became c le a r  th a t  a l l  which was re q u ire d  fo r  the  
g e n e ra tio n  o f anomalous d is p e r s io n  in  th e  case  of t h i s  t r a n s p o r t  
mechanism, was fo r  th e  lo c a l is e d  s t a t e s  to  be d i s t r ib u te d  over a 
s u f f i c i e n t  range o f energy .
A com plete rev iew  o f the above work i s  no t a p p ro p r ia te  h e re ,  bu t 
i t  i s  s u f f i c i e n t  to  say  th a t  in  th e  s im u la tio n  s tu d ie s ,  v a r io u s  
d is t r ib u t io n s  o f tra p p in g  c e n te rs  have been examined and i t  was 
e s ta b lis h e d  th a t  in  a l l  c a se s , h ig h ly  d is p e r s iv e  t r a n s i t  p u lse s  could  
be gen era ted  i f  th e  lo c a l is e d  s t a t e s  ex tended ( in  s ig n i f i c a n t  numbers) 
over more than  a few kT.
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2.5.5 EXTENSION OF THE TIME OF FLIGHT TECHNIQUE.
In recent years a transient photoconductivity technique has been 
developed (74) which is thought to be intimately related to the time 
of flight technique. The new method is concerned with the time 
dependence of the decay of the photocurrent, following carrier 
excitation by means of a short pulse of illumination, in a coplanar 
specimen (see figure 2.25). The technique has become popular since it 
allows measurements to be performed on very thin films under 
conditions appropriate to their use in many device applications. It 
also allows an examination of the photocurrent over several decades of 
time, without the complication associated with carrier extraction at 
the back electrode, which exists in the time of flight technique.
Figure 2.26 shows typical experimental results obtained from the 
transient photoconductivity technique, i.e. the decay of the 
photocurrent following a flash excitation of excess carriers in a thin 
film of a - As^Se^. In principle the photocurrent decay follows the
interaction of initially free carriers with various levels of
localised states within the mobility gap. In the absence of
recombination effects and with phenomena associated with carrier drift 
close to the surface of the film, the response shown should correspond 
to the initial pre - transit "time of flight" pulse, as described by
equation 2.80.
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Figure 2.25. The transient photo-decay technique.
Figure 2.25. Decay of the photocurrent following flash excitation 
of excess carriers in a thin film of amorphous As2 Se^.
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TWo main types of analysis have been performed on results 
obtained from the transient photoconductivity technique; those by 
Tledje and Rose (75), and Orenstein and Kastner (74) (TROK) and by 
Michiel, Marshall and Adrianssens (76) (MMA)• It is not the intention 
of the author to give a complete review of the above work here, but a 
brief description of the important points will be presented.
In the analysis by TROK, the concept of carrier thermalisation 
was re - introduced. TROK proposed that drifting carriers thermalise 
to progressively greater depths in the mobility gap, with increasing 
time after generation. They also introduce a theraalisation energy 
E^, separating "shallow" from "deep" trapping centers. The occupancy 
of the two types of centers are envisaged as being determined by 
radically different considerations. The energy E^, measured relative 
to the mobility edge Ec, is specified by the criterion that a trap at 
this depth has a release time constant equal to the total elapse time 
since the creation of the excess carriers, i.e.
giving
where / is a phonon "attempt to escape" frequency. It is argued that
trapping centers with a release energy less than E^ l^  have had 
sufficient time to both trap and release carriers, and thus should be 
in quasi - thermal equilibrium with extended states. On the other
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hand, deeper - lying states are envisaged as being populated purely by 
recombination kinetics, since insufficient time has elapsed for 
appreciable carrier release to occur. Thus, under the assumption of 
an energy - independent capture cross section, such deep traps are 
seen as containing numbers of excess carriers in linear proportion to 
their density.
TROK then considered the case of an exponential tail of localised 
states, extending below the mobility edge. A simplifying assumption 
was made, namely that all carriers at a depth E, remained localised 
for a total time exactly equal to the release time constant at that 
depth, rather than being released over a range of times statistically 
distributed about this value. TROK proceeded to calculate the 
expected form of the decay of the photocurrent after an impulse 
excitation, and found that the photocurrent exhibited a power law 
decay with time. Since this was identical to the experimentally 
observed result, this lead many workers (77,78) to assume that the 
experimental observation of an approximate to power - law decay of the 
photocurrent, constituted evidence of an exponentially distributed 
tail of localised states. Ihe conclusions of TROK, however, were put 
into question by MMA (76). Additionally, the validity of the 
"thermalisation energy" concept was examined in a more general case by 
Marshall and Main (79).
At first sight, it seems reasonable to assume that 
sufficiently - shallow centers are in a state of quasi - thermal 
equilibrium with extended states, while deeper centers are not. This 
appears valid because centers with release time constants considerably
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shorter than the experimental elapse time have had ample opportunity 
to trap and release carriers. However, upon further examination, the 
thermalisation concept becomes more questionable. If there exists a 
significant number of deeper - lying centers, these serve to "syphon 
off" free carriers released from shallow traps, throwing the release 
trapping process out of balance. Thus, the presence of a significant 
density of deep states is also a condition for the continued decay of 
the transient photocurrent over an extended time range.
Marshall and Main (79) illustrated this behaviour using a model 
with three discrete sets of traps, of equal density and capture cross 
section, situated below the mobility edge. Their results show that 
(contrary to intuitive thinking) quasi - thermal equilibrium cannot be 
established between shallow traps and the band, before quasi - thermal 
equilibrium is established between deeper lying states and the band. 
This result throws considerable doubt on the work of TROK.
MMA (76) approached the problem by trying to deduce the density 
of states below the mobility edge, from the shape of the time 
dependence of the decay of the photocurrent (I(t)), (this is in stark 
contrast to TROK, who first assumed the form of the density of states 
then proceeded with the analysis). Starting with I(t), MMA first 
deduced the form of l^(t), (where ^(t).dt is the probability that if 
a carrier is trapped at t = 0, it will be released during the time 
interval t to t + dt) , finding that ^  (t) and I(t) are interrelated 
via a Volterra equation of the first kind. Having determined f  (t), 
the density of states as a function of energy below the mobility edge 
(G(E)) was deduced. It was found that ^(t) and G(E) are related via
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a Fredholm equation of the first kind. By solving both the Volterra 
and the Fredholm equation using a computer technique, MMA were able to 
deduce the form of the density of states below the mobility edge.
In order to obtain a solution of the Volterra equation, however, 
it was necessary to determine a full knowledge of I(t), and to obtain 
a value for the free carrier trapping time constant, . 
Unfortunately, such total specification of I(t) is unlikely to be 
available in the case of amorphous semiconductors, and in practice it 
is usually necessary to assume values for the photocurrent at t = 0 
(Io) a n d ' i ^ ,  MMA find, however, that it is possible to make such 
approximations to a satisfactory degree, and that errors in the 
assumed values may not radically affect the computed form of N(E) 
(80).
MMA applied the technique outlined above to transient 
photocurrent data generated from a know distribution by Monte Carlo 
techniques (80). Ihey find that their method is in fact able to 
reproduce the original density of states profile, with some minor 
distortions associated with the limitations of the numerical 
techniques employed for the solution of the Volterra equation. They 
also observe a blurring of the computed localised state distribution 
over a range of order +kT, which is due to the use of a simplifying 
assumption similar to that described for the TROK analysis.
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CHAPTER 3
ELECTRONIC PROPERTIES OF AMORPHOUS SILICON.
This chapter presents a brief review of the electronic properties 
of a - Si which are relevant to the study. Special emphasis is placed 
on results obtained from films prepared by sputtering. (See Chapter 4 
for a description of sputter deposition.)
3.1 MATERIAL PREPARATION AND THE ROLE OF HYDROGEN.
Early studies on the properties of thin films of amorphous 
tetrahedrally coordinated semiconductors such as Si and Ge, prepared 
by evaporation or sputtering, showed that these materials possessed a 
large density of structural defects ranging from single dangling bonds 
to macroscopic voids. There was a corresponding large density of 
electronic states in the band gap, and these densities were not 
appreciably reduced by ultra - high vacuum deposition, high substrate 
temperature or high temperature annealing. In 1974, however, the 
group working at Harvard University reported (1) that the deliberate 
addition of hydrogen to the Argon in the sputtering plasma produced 
films of a - Ge whose spin density was reduced by many orders of 
magnitude, and which showed much reduced absorption at low photon 
energies and much improved photoconductivity. They interpreted these 
results in terms of a compensation of dangling bonds and other defects 
by hydrogen, thus simulating the effect of defect removal.
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Subsequently, similar behaviour, consistent with the removal of states 
in the gap by the addition of Hydrogen, were reported by the Harvard 
group (2) for sputtered films of a - Si.
It is now generally accepted that sputtering in an 
Argon - Hydrogen atmosphere and glow discharge decomposition of Silane 
both yield a Silicon - Hydrogen alloy with up to about 30 at. % of 
Hydrogen. It is also acknowledged that it is the presence of this 
Hydrogen in the alloy which gives a - Si:H characteristics suitable 
for many semiconductor device applications.
3.2 ELECTRICAL CONDUCTIVITY.
The magnitude and temperature dependence of the electrical
conductivity of a - Si is found to be intimately related to the
conditions of material preparation. In particular, it has been shown
(2) that the temperature dependence of the conductivity, for a given
specimen of a - Si, is controlled to a large extent by its Hydrogen
content. This point is illustrated in figure 3.1, which shows a plot
of ln(<7^ ) versus 1/T for a series of films of sputtered a - Si
odeposited at a substrate temperature (Tg) of 200 C and various 
Hydrogen partial pressures (P^). The hydrogen partial pressure and 
the hydrogen content of the films increase from (a) to (f).
In curve (a), an unhydrogenated specimen, the room temperature 
conductivity is high (~ 10 ( A  cm )') and the weak temperature 
dependence of the conductivity cannot be described by any unique 
activation energy. The addition of 1 at. % Hydrogen to the film Is
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Figure 3.1. Conductivity versus inverse temperature for a-Si:H
specimens prepared at T =200°C using P between 0 and 1 mTorr.
S H
Hydrogen content (at. %) and Hydrogen partial pressure in 
5 mTorr of Argon are given for each curve. (After ref. 3).
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seen to reduce the conductivity at all temperatures, but not change 
the overall form of the temperature dependence. For a Hydrogen 
content of 2 at. % the room - temperature conductivity drops by almost 
three orders of magnitude and there is an indication of activated 
transport at high temperatures. For 10 at. %, the conductivity has a 
single activation energy over the entire range of measurement. 
Further increases in Hydrogen content to 20 at. %, by increasing P^ to 
1 mTorr, results in a larger activation energy and a general reduction 
in the magnitude of the conductivity at all temperatures.
These results are consistent with the effective removal of defect 
states from the gap, by the introduction of Hydrogen. Anderson and 
Paul suggest (3) that the introduction of Hydrogen removes states from 
the gap in a fairly uniform manner, preserving the general shape of 
the density of states distribution. They describe the conductivity at 
low P^  as being dominated by carriers hopping close to the Fermi level 
in a large density of localised states. The reduction in this density 
of states, with increasing Hydrogen content, is envisaged as reducing 
the hopping contribution to the conductivity and allowing activated 
conduction at the mobility edge to dominate (for high enough Hydrogen 
content or temperature). In the regime where the conductivity is 
defined by a unique activation energy, the increase in activation 
energy with Hydrogen content is thought to be due to either an 
increase in the optical gap with increasing Hydrogen content (see 
Section 3.3), or to a shift in the position of the Fermi level, from 
the conduction band towards the gap center, again with increasing 
Hydrogen content.
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The level of substrate temperature during deposition is also
found to have a determining influence on the nature of the
conductivity obtained from films of a - Si. This is illustrated in
figure 3.2, which shows a plot of lnCor" ) versus 1/T for a series of 
films of sputtered a - Si deposited at different substrate 
temperatures but with no Hydrogen added to the plasma. The figure 
shows that the temperature dependence of the conductivity for all of 
these unhydrogenated specimens is weakly activated, with an activation 
energy which increases with increasing temperature. There is also an 
underlying trend for the magnitude of the conductivity at all 
temperatures to decrease, for increasing substrate temperature. 
Applying the previously mentioned argument of Anderson and Paul (3) to 
these results, implies that for all of the curves the conductivity is 
dominated by carriers hopping in a large density of localised states. 
Increasing the substrate temperature results in a decrease in the 
magnitude of the density of states in the gap, coupled with a 
corresponding reduction in the hopping conductivity. Comparing 
figures 3.1 and 3.2, however, it can be seen that the effect on the 
form of the conductivity (and hence on the form of the density of 
states in the gap) of increasing the substrate temperature during 
deposition, is far less profound than the addition of small amounts of 
Hydrogen to the films. Never - the - less, the level of substrate 
temperature during deposition is important for two main reasons. 
Firstly, high substrate temperatures allow more efficient Hydrogen 
incorporation into growing films, and secondly, higher substrate 
temperatures permit greater lattice reorganisation and relaxation 
during film growth. These two points will be discussed further in
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Figure 3.2. Conductivity versus inverse temperature for
unhydrogenated specimens of a-Si deposited at several substrate
temperatures (T ). (After ref. 2). s
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Chapter 4.
3.3 OPTICAL ABSORPTION.
The optical absorption edges for both glow discharge and
sputtered films of a - Si:H are very similar (see figure 3.3), and are
usually characterised by three distinct regions: (1) At high photon
It -ienergies, and ©< approximately greater than 10 cm , by 
o<h)* = Const.(hy - Eo) , (2) at intermediate photon energies, roughly 
10 cm <«<< 10 cm , by an exponential variation of c< with hV, and (3) 
at low photon energies and optical coefficient, by an optical 
absorption which is variable and is commonly related to defect and 
impurity states. Ihere is no sharply defined transition between these 
three overlapping regions, which were discussed more thoroughly in 
Section 2.2.
Ihe detailed shape of the optical absorption edge for sputtered 
films of a - Si is found to be intimately related to the hydrogen 
content. This is illustrated in figure 3.4, which shows the shift in 
the optical absorption edge of sputtered a - Si:H, as the Hydrogen 
partial pressure is increased from 0 to 5 mTbrr, at fixed Ts. The 
initial increase in the optical gap, deduced from these curves at very 
low values of P^  , strikingly illustrates the effect of Hydrogen in 
eliminating gap defect states. At high , however, it has been found 
(4) that both the detailed shape and the position of the absorption 
edge, obtained from samples prepared under seemingly identical 
conditions, are somewhat random. This infers that these samples have
h V  ( e V )
Figire 3.3 Absorption edge spectrum of glow discharge 
deposited a-Si:H. Results from optical transmission, from 
collection efficiency and from photoconductivity on the 
same specimen all agree with the graph shown. (After ref. 4) .
hU (eV)
Figure 3.4. Shift of the absorption edge of sputtered a-Si:H
as PTT increases from 0 to 5 mTorr, at fixed T . The P used H s H
to prepare each specimen were (in mTorr), (a) 0, (b) 0.05,
(c) 0.2, (d) 0.4, (e) 0.8, (f) 1, (g) 2, (h) 3, (i) 5.
(A fte r r e f .  5 ) .
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different band gaps and densities of states at the band edges, and 
further that these parameters are dependent on the precise sputtering 
and plasma conditions. Paul and Anderson suggest (A) that it is quite 
probable that several combinations of the many sputtering parameters 
lead to films having the same Hydrogen content, but with the Hydrogen 
being assembled in different Si - H bonding configurations. This in 
turn leads to different densities of states at the band edges and in 
the band gap. They also suggest that different sputtering parameters 
lead to different microstructural heterogenities, which again yield 
different average properties.
The absorption edge spectra for films of sputtered a - Si:H 
prepared at different but fixed P^ is shown in figure 3.5. For 
increasing Ts, the absorption edge is found to first displace to 
higher photon energies and then reverse. The first effect is thought 
to be related to the increased relaxation of the lattice at higher Tg 
and to the more efficient defect compensation by Hydrogen 
incorporation. The reversal stems from the fact that Hydrogen is not 
easily incorporated into the network at higher T$.
The form of the absorption edge of a - Si:H is also found to be 
altered by the addition of dopant impurities to the films. The 
absorption edge shifts towards lower photon energies for increasing 
impurity concentration, the shift being much larger than that expected 
from the creation of simple impurity energy levels (4). This 
phenomenon has therefore been attributed to a combination of the 
creation of new levels from dopant elements which are fully 
coordinated and to dopant induced defect configurations (4).
h V (eV)
Figure 3.5. Shift of the absorption edge of sputtered
a-Si:H with T . (After ref. 5). s
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3.4 PHOTOCONDUCTIVITY.
The forms of the temperature dependence of the photoconductivity 
obtained from both glow discharge and sputtered films of a - Si:H are 
very similar, and exhibit the general shape shown in figure 3.6. Host 
analyses of photoconductivity on a - Si, however, have been performed 
on results obtained from films produced by the glow discharge process, 
and the main features of these results will be presented briefly 
first, before those for sputtered material.
Spear et al proceed (6) by analysing the temperature dependence 
of the photoconductivity in terms of the discrete trap model of Main 
and Owen (see section 2.3.6) using the density of states distribution 
shown in figure 3.7, which was deduced from Field Effect measurements 
(7). It is suggested that for the case of glow discharge specimens 
with a low density of gap states, (i.e. films prepared at a high 
substrate temperature; r 600 K), the localised states in the regions 
of E^, Ey and ' E y  may be predominantly involved in the recombination 
process. They use the criterion of Main (8,9), (i.e. assuming the 
presence in the energy gap of the minimum number of levels of 
localised states necessary to account for the photoconductive data) 
and proceed to fit the solutions derived by Main for the different 
regions of the photoconductive response, to the results obtained for 
a - Si. What follows is a brief review of the conclusions.
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Figure 3.6. Photocurrent in glow discharge deposited a-Si:H
versus inverse temperature. Measurements were made at
hV=2 eV at the stated intensities, i, denotes the dark current.d
(A fter r e f .  6 ) .
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Figure 3.7. Density of states distribution for glow 
discharge deposited a-Si prepared at a high substrate 
temperature (— 600K). (After ref. 7).
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At temperature above the photoconduction maximum, (region A in 
figure 3.6), the photocurrent is much less than the dark current and 
the occupancies of the various states are practically the same as in
the best fit to the experimental data; this assumption leading to a 
photoconductivity expression of the form
where f is the generation rate of free electron - hole pairs, A  is 
the electron drift mobility and the other symbols are defined in 
figures 3.6 and 3.7. This equation yields an activation energy, and 
linear intensity dependent photocurrent, both of which are in 
agreement with experimental results•
At temperature just below the photoconduction maximum (region B), 
recombination between Ea and Ey still provides the best fit to the 
experimental data, although the microscopic conditions are now 
basically different from those previously described. The 
photogenerated density of carriers at E c  (and Ev) is far larger than 
the density of carriers produced by thermal excitation and the 
quasi - Fermi levels move apart. States enclosed by the quasi - Fermi 
levels become depopulated and localised negative and positive charge 
densities are largely concentrated at Ey and E^. The fact that states 
near E^ and E y become relatively more populated makes the suggested 
recombination path from E^ to Ey a likely one (this may be an over 
simplification, however, in view of the probable appreciable density 
of trapped negative charge near E^). Using the above assumptions,
thermal equilibrium. • Recombination from E^ to Ey  is found to produce
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Spear et al find the photoconductivity in this region to be of the 
form
where the symbols have their previously defined meanings. This
equation again yields an activation energy and intensity dependence 
both of which agree favorably with experimental results.
The plots of photocurrent versus 1/T shown in figure 3.6 are seen 
to change gradient from region B to region C. This is interpreted as 
signifying a change in the predominant transport mechanism from 
extended state conduction at (region B), to electron hopping at 
(region C). Under these latter conditions, recombination between 
and Ey still yield the best fit to the experimental data and the 
photoconductivity is expected in the form
where yvj* is a hopping mobility and exp(-W/kT) represents the 
probability that an electron will surmount a barrier, W, in order to 
move from one site to another. This equation again effectively 
describes the experimental results. (It should be noted here that 
specimens having high gap state densities are likely to have other 
predominant recombination paths in the gap, which will act in parallel 
to those considered. The above analyses, therefore, is only specific 
to those specimens of a - Si prepared under conditions which will 
yield low gap state densities.)
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In support of the above model, Spear et al correlate 
photoconductivity results with results obtained from drift mobility 
experiments (10,11). They concluded that drift mobility experiments 
provide details about the positions of the localised state peaks in 
the gap, which are in agreement with their positions derived from 
photoconductivity measurements.
The above interpretation of photoconductivity in glow discharge 
deposited a - Si is somewhat simplified and such modeling ignores many 
complications. Furthermore, the approach depends upon the adoption of 
the density of states distribution established at Dundee University 
(7) by Field Effect measurements, the validity of which has become 
controversial over recent years. In order to extend the deduced 
density of states measurements over as wide an energy range as 
possible, Field Effect measurements were performed on both n - type 
and p - type doped material, under the assumption that the effect of 
doping was simply to provide carriers that shifted the Fermi level. 
In view of the low doping efficiency for all of the dopant impurities 
used, and the likelihood that non - doping configurations produce 
defects in the gap (5), considerable doubt can be thrown on those 
parts of the density of states distribution derived from doped 
samples. To add further doubt to the derived density of states 
distribution, Goodman and Fritzche (12,13) demonstrated that, in 
practice, the same field effect response could result from several 
different density of states distributions, thus placing limits on the 
magnitudes of features that could be appreciated.
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A factor which adds further confusion to the interpretation of 
photoconductivity in a - Si, is the apparent randomness observed in 
the properties of a - Si, prepared in different laboratories under 
seemingly identical deposition conditions. Such similarly deposited 
specimens can exhibit photoconductivity results which vary in some 
cases by up to four orders of magnitude. This anomaly seriously 
hinders the development of a universal model for the interpretation of 
photoconductivity in a - Si. Clearly, there is still much work to be 
done in this area.
As stated previously, the features of the photoconductivity 
observed in both glow discharge and sputtered films of a - Si are very 
similar. Consequently, analyses of the type described above have been 
carried out on experimental data obtained from sputtered material 
(14), and as may be expected results and conclusions consistent with 
those deduced by Spear et al have been obtained. In the case of 
sputtered material, however, much work has been carried out in order 
to characterise the photoconductive response of samples in terms of 
preparation conditions. The main conclusions of this work will be 
outlined below.
Figure 3.8 shows the variation of the room temperature 
photoconductivity measured under standard conditions, for sputtered 
samples of a - Si deposited at the same but with P^ systematically 
varied. The increase in the photoconductivity as Pw increases from 0 
to 1 mTorr is relatively well understood and corresponds to the 
elimination of dangling bonds and other recombination centers by 
Hydrogen compensation. For P^ above 1 mTorr, there is much scatter in
Figure 3.8. Variation of the room temperature photoconductivity, 
measured under standard conditions, for specimens prepared at the 
same T^, but various P^. (After ref. 4).
(eV)
Figure 3.9. Test of correlation between the magnitude of the 
photoconductivity (Figure 3.8), and the corresponding dark 
conductivity activation energy. (After ref. 4).
Page 92
the results, this indicating the intimate relationship between the 
macroscopic properties of a - Si and the minute details of sputtering 
parameters during film deposition. Some degree of order in this 
latter region can be restored, however, if the photoconductivity of 
each specimen is plotted against its dark conductivity activation 
energy (E^ .) (see figure 3.9). This plot illustrates an inverse 
relationship between photoconductivity and E^ - which was first pointed 
out by Anderson and Spear (15). Anderson and Spear observed results 
similar to those shown in figure 3.9 in glow discharge deposited 
a - Si, when the Fermi level was systematically shifted from mid gap 
towards the conduction band edge by the introduction of Phosphorus 
doping. The relationship was interpreted as an increased electron 
lifetime when recombination centers near mid gap were filled, as the 
Fermi level rose. The same interpretation can be applied to sputtered 
a - Si, except that for the case of sputtered material, the Fermi 
level shift is not due to doping, but is a consequence of the random 
variations in the density of states in the gap, and at the band edges, 
which in turn depend upon the minute details of sputtering parameters 
during film deposition.
The effect of varying the substrate temperature on the room 
temperature photoconductivity of films of a - Si prepared at a 
constant value of P^, is fairly well understood (16), and is shown in 
figure 3.10. The initial increase in the photoconductivity with 
increasing Tg is consistent with the removal of states in the gap. At 
high values of Tg, the decrease in photoconductivity with increasing 
T^, is again due to the fact that Hydrogen is not easily incorporated 
into the growing films at high T^.
P
h
o
to
co
n
d
u
ct
iv
it
y
 
(5
1 
cm
 
)
107
108
Pj : 0 - 5 2 5  mTorr
15 2 -1
P h o t o n  F l u x  : 10 P h o t o n s  cm s
/ & \  M e a s u r e d  at  2 9 5  K
R
hi)  = 1-95 eV/
/
/
/
/
\
\
\
\
\
109
1010 - [fl
\
\
-11
10
100 200 3 0 0
Ts CC)
4 0 0 5 0 0
Figure 3.10. Room temperature photoconductivity versus substrate 
temperature for sputtered a-Si:H.( After ref. 16).
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3.5 DRIFT MOBILITY.
The first direct measurement of the electron drift mobility in 
glow discharge deposited a - Si:H was reported by Le Comber and Spear 
in 1970 (10), and followed up in 1972 by a more detailed investigation 
(11) of the same phenomenon. Those workers used a time of flight 
technique to deduce drift mobilities, (a complete description of which 
is given in Section 2.5.1) with excess carriers being generated by a 
pulsed electron beam. The authors observed a well - defined transit 
time for electrons, even although there existed a substantial 
dispersive tail to the transit pulse, due to the slow release of 
charge from traps. They found electron drift mobilities ranging from 
10 ^  c h a v 's * at 150 K to 10 * cm v's* at 300 K, in a number of 
samples. No signal was detected for the drift of holes. In 
subsequent investigations, various authors (17,18,19) observed 
electron drift mobilities in agreement with the above work. More 
recent measurements by liedje et al (20) on glow discharge a - Si:H, 
however, have clearly shown that it is possible to obtain either 
highly dispersive or non - dispersive electron transients, depending 
on the preparation conditions used. It has been found that films 
displaying non - dispersive behaviour have higher room temperature 
mobilities than previously measured (10), the highest reported being 
0.8 cm v's1. (Even higher room temperature drift mobilities of around 
2 to 3 cm v's"' have recently been reported (44) for glow discharge 
deposited a - Si:H.)
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In  r e a c t iv e ly  s p u tte re d  a -  S i:H , e le c tro n  d r i f t  m o b i l i t ie s  of 
th e  o rd e r of 10^ cm V s* a t  room tem p eratu re  have been deduced (21) 
from s tead y  s ta t e  and t r a n s ie n t  p h o to c o n d u c tiv ity  m easurem ents. I t  
was not u n t i l  1980, however, th a t  T ied je  (20) re p o rte d  th e  f i r s t  
d i r e c t  measurement o f th e  e le c t r o n  d r i f t  m o b il i ty  in  s p u tte re d  
a -  S i:H , using  th e  tim e o f f l i g h t  te ch n iq u e . Since th e n , much work 
has been d ire c te d  tow ards in v e s t ig a t in g  d r i f t  m o b il i ty  phenomena in  
s p u tte re d  a -  S i:H , and what fo llo w s i s  a b r i e f  rev iew  o f th ese  
s tu d i e s •
The measurements perform ed by T ied je  e t  a l  (20) on s p u tte re d  
m a te r ia l ,  rev ea led  h ig h ly  d is p e r s iv e  t r a n s i t  p u lse s  a t  room 
te m p e ra tu re . T ra n s it  tim es could  on ly  be deduced from log  -  log  p lo ts  
o f c u r re n t  as a fu n c tio n  o f tim e , and d r i f t  m o b i l i t ie s  o f th e  o rd e r  of
-2 2 -l -|
5X 10 cm V s a t  room tem p era tu re  were o b ta in e d , th e se  being  a t  
l e a s t  an o rd e r o f m agnitude low er than  co rrespond ing  d r i f t  m o b ili ty  
r e s u l t s  o b ta ined  from glow d is c h a rg e  m a te r ia l .  The work o f T ied je  e t  
a l  was follow ed up by a more e x te n s iv e  * s tu d y  by K irby and Paul 
(2 2 ,2 3 ) . They perform ed tim e o f f l i g h t  m easurem ents on s p u tte re d  
f ilm s  o f a -  Si:H  and observed  r e s u l t s  which f a l l  in to  th re e  main 
c a te g o r ie s :  (1 ) Film s which e x h ib i t  a ra p id  d ec rea se  o f the  
p h o to c u rre n t, c h a ra c te r is in g  h ig h ly  d is p e r s iv e  t r a n s p o r t ;  (2 ) Film s 
which d is p la y  non -  d is p e r s iv e  G aussian  t r a n s p o r t ,  where th e  m o b ili ty  
i s  tim e independen t; and (3 ) Film s whose t r a n s ie n t s  d is p la y  the 
fe a tu re s  of d is p e r s iv e  t r a n s p o r t ,  b u t where i t  i s  no t p o s s ib le  to  
d e f in e  a t r a n s i t  tim e on log -  log  a x is  o f c u r re n t  a g a in s t  tim e .
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In  the  f i r s t  o f th e se  c a te g o r ie s ,  th e  r e s u l t s  a re  in  broad 
agreem ent w ith  th o se  o f T led je , w ith  a room tem p era tu re  m o b ili ty  o f 
10 * cm V s being  o b serv ed . In  reg io n  ( 2 ) ,  how ever, th e  room 
tem peratu re  t r a n s i t  p u lse  i s  non -  d is p e r s iv e  and i s  s im ila r  to  those  
observed in  glow d isc h a rg e  m a te r ia l  (1 1 ) . For sam ples d isp la y in g  th i s  
phenomenon, i t  i s  found th a t  a d ram atic  change occu rs  in  th e  p u lse  
shape when the  tem p era tu re  i s  low ered below 290 K (see  f ig u r e  3 .1 1 ) .  
Down to  225 K a f e a tu r e  co rrespond ing  to  c a r r i e r s  reach in g  the  back 
c o n ta c t can s t i l l  be observed on l in e a r  a x i s ,  bu t a t  s t i l l  lower 
tem p era tu res  a f e a tu r e le s s  decay i s  o b ta in e d . For tem p era tu res  below 
225 K, log  -  log  a x is  o f c u r re n t v e rsu s  tim e must be employed in  o rd e r 
to  deduce the  t r a n s i t  t im e . T ran s ie n ts  which f a l l  in to  c a te g o ry  ( 3 ) ,  
a re  on ly  observed in  specim ens having a la rg e  d e n s i ty  o f s t a t e s  a t  the  
Fermi le v e l  (a s  m easured by the  conductance -  c a p a c ita n c e  tech n iq u e  
( 2 4 ) ) .  K irby and Paul f in d  the  f a l l  o f f  in  th e  p h o to c u rre n t to  be 
f a s t e r  in  specim ens e x h ib it in g  a la rg e  d e n s i ty  o f gap s t a t e s  and 
propose the  p o s s ib le  e x p la n a tio n  o f e le c tro n s  s in k in g  q u ic k ly  in to  
tra p s  which l i e  deep w ith in  the  gap , never to  be re  -  re le a s e d  in to  
extended s ta t e s  du rin g  th e  ex p erim en ta l tim e s c a le .
K irby and Paul e x p la in  th e  o ccu rrence  o f th e  th re e  d i f f e r e n t
c a te g o r ie s  o f r e s u l t s  In  term s o f d i f f e r in g  d e n s i ty  o f s t a t e
d i s t r ib u t io n s  w ith in  th e  gap . They f in d  th a t  l i f e t im e  l im i t a t i o n s  of
the  p ropaga ting  c a r r i e r s  r e s t r i c t  th e  measurement o f e le c t r o n  d r i f t
m o b i l i t i e s ,  u sing  th e  tim e of f l i g h t  te ch n iq u e , to  f ilm s  o f s p u tte re d
17 -3 »i
a -  Si:H which have few er th an  5X 10 cm eV s t a t e s  a t  th e  Fermi l e v e l .  
For f ilm s  which d is p la y  d is p e r s iv e  t r a n s p o r t  over th e  com plete 
tem pera tu re  ran g e , th ey  propose th a t  t r a n s p o r t  i s  by a t r a p  l im ite d
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F igure  3 .11 . M o b ility  v e rsu s  in v e rse  tem ep era tu re  f o r  a specimen 
d isp la y in g  n o n -d isp e rs iv e  t r a n s p o r t  a t  h igh  te m p e ra tu re s , and 
d is p e r s iv e  t r a n s p o r t  a t  low te m p e ra tu re s . (A fte r r e f .  2 2 ).
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band m otion . This i s  deduced from th e  m agnitude and a c t iv a t io n  energy 
o f the  m o b ility  and from the  tem p era tu re  dependence o f th e  d is p e r s io n  
p aram ete r. For f ilm s  which d is p la y  non -  d is p e r s iv e  b eh av io u r, they  
f in d  a t r a n s i t i o n  to  d is p e r s iv e  t r a n s p o r t  as th e  tem p era tu re  i s  
low ered . The t r a n s i t i o n  i s  no t accompanied by any d is c o n t in u i ty  in  
the  m agnitude o r in  th e  a c t iv a t io n  energy  o f th e  m o b il i ty ,  and K irby 
and Paul th e re fo re  propose th a t  t r a n s p o r t  in  th e  non -  d is p e r s iv e  
regim e i s  a lso  by a tra p  l im ite d  band m o tion . The reaso n s why 
s im ila r ly  d e p o sited  specimens e x h ib i t  d i f f e r e n t  t r a n s p o r t  mechanisms 
i t  n o t e n t i r e ly  known, b u t i t  i s  though t to  stem from th e  p re v io u s ly  
m entioned f a c t  th a t  sam ples p repared  under seem ingly id e n t ic a l  
d e p o s it io n  c o n d itio n s  may c o n ta in  d i f f e r e n t  d e n s i t i e s  o f s t a t e s  in  the  
band gap and a t  th e  band edg es . C le a r ly , th e re  a re  s t i l l  many 
unreso lved  problem s in  ex p la in in g  charge  t r a n s p o r t  phenomena in  
s p u t te r  (and glow d isc h a rg e )  d e p o s ited  a -  S i:H , and th i s  i s  the  
s u b je c t o f co n tin u in g  and in te n s e  re s e a rc h .
3 .6  DOPED AMORPHOUS SILICON.
S u b s t i tu t io n a l  doping in  c r y s t a l l i n e  sem iconductors has been one 
o f th e  most im p o rtan t f a c to r s  in  th e  developm ent o f modern 
Sem iconductor P hysics  and S o lid  S ta te  E le c t ro n ic s .  With th e  growing 
i n t e r e s t  in  amorphous sem iconductors in  th e  e a r ly  1970s, a number of 
a ttem p ts  were made to  ach ieve  a s im ila r  sy s te m a tic  c o n tro l o f th e  
e le c t ro n ic  p ro p e r t ie s  of th e se  m a te r ia l s .  The work was m ain ly  
co n cen tra ted  upon th e  t e t r a h e d r a l ly  co o rd in a ted  amorphous 
sem iconductors such as Si and Ge, and tech n iq u es  such as
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co -  ev ap o ra tio n  (2 4 ) , f la s h  ev ap o ra tio n  (25) and s p u t te r in g  from a 
com posite (26) o r h e a v ily  doped ta r g e t  (27) were t r i e d .  The r e s u l t s  
of th e se  experim ents were d is s a p o in tin g  and led  to  th e  g e n e ra l 
co n c lu s io n  th a t  such sem iconductors a re  h ig h ly  in s e n s i t iv e  to  doping 
as compared w ith  co rrespond ing  c r y s t a l l i n e  m a te r ia l s .  In  1975, 
however, Spear and Le Comber were a b le  to  show (28 ,29 ) th a t  the  
e le c t ro n ic  p ro p e r t ie s  o f a -  S i , p repared  by th e  glow d isch a rg e  
te ch n iq u e , could  be c o n tro l le d  th rough  s u b s t i t u t io n a l  doping in  a 
sy s tem a tic  way, and over a rem arkably  wide ra n g e . These w orkers a lso  
gave a q u a l i t a t iv e  ex p lan a tio n  as to  why p rev io u s  a tte m p ts  a t  dop ing , 
using  o th e r  methods o f f ilm  p re p a ra t io n  had f a i l e d .  The co n c lu s io n s  
of th i s  work w i l l  be b r i e f ly  review ed below .
In co n sid e rin g  amorphous sem iconductors in  g e n e ra l ,  th e re  appear 
to  be two reaso n s why th e se  m a te r ia ls  a re  in s e n s i t iv e  to  d o p ing . The 
f i r s t  concerns th e  way in  which th e  im p u rity  atoms a re  in c o rp o ra te d  
in to  the  random netw ork . Mott (30) argued t h a t ,  fo r  in s ta n c e ,  a 
p e n ta v a le n t im p u rity  atom would be accommodated in to  th e  s t r u c tu r e  in  
such a way th a t  th e  a d d i t io n a l  bond would be s a t i s f i e d .  The ev idence  
(31) su g g e s ts , how ever, th a t  a lth o u g h  th i s  may be tru e  under c e r ta in  
c ircu m stan ces , th e  p ic tu re  i s  somewhat more com plex, and i t  i s  l i k e l y  
th a t  s u b s t i t u t io n a l  doping e f f i c i e n c ie s  w i l l  depend, perhaps q u ite  
c r i t i c a l l y ,  on th e  method o f f ilm  p re p a ra t io n .
The second reason  i s  concerned w ith  th e  e f f e c t  o f the  
in c o rp o ra tio n  o f donor o r a c c e p to r  im p u r it ie s  on th e  e le c t r o n ic  
p ro p e r t ie s  of amorphous m a te r ia ls .  This i s  b e s t  i l l u s t r a t e d  by 
r e f e r r in g  to  f ig u re  3 .1 2 , which re p re s e n ts  th e  d e n s ity  o f s t a t e s
g ( E )
-3 v-1'‘ cm ev .
A n  ( E c )
Ev (E f )0
E n e r g y
F ig u re  3 .1 2 . Schematic d e n s ity  o f  s t a t e s  in  an amorphous
sem iconducto r. (E_) i s  th e  p o s i t io n  o f  th e  Fermi le v e l  in  f  o
th e  undoped m a te r ia l  and Ae^ i s  th e  Fermi le v e l  s h i f t  when
band o f  N, donors i s  in tro d u ce d , d
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d i s t r i b u t io n ,  g (E ) , in  th e  m o b ili ty  gap o f an im aginary  amorphous 
sem iconductor. The Fermi le v e l  in  th e  undoped m a te r ia l  l i e s  a t  (E ^)o . 
Now suppose th a t  a band of Nj  s u b s t i t u t i o n a l  donors i s  in tro d u c e d . 
P r a c t ic a l ly  a l l  th e  excess e le c t ro n s  w i l l  condense in to  empty gap 
s t a t e s , d is p la c in g  the  Fermi le v e l  tow ards th e  conduction  band by an 
amount 4E^. The new Fermi le v e l  p o s i t io n  i s  determ ined  app ro x im ate ly
which in  an amorphous sem iconductor i s  n e g l ig ib le  in  com parison to  th e  
f i r s t  term in  e q u a tio n  3 .4 . This i s  b a s ic a l ly  d i f f e r e n t  from th e  
c r y s ta l l in e  c a s e , where NJ - $ n ( E c ) d e sc r ib e s  th e  ex h au s tio n  re g io n . 
Thus in  th e  amorphous c a s e , changes in  th e  e l e c t r i c a l  p ro p e r t ie s  a re  
brought about p r im a r i ly  by changes in  th e  gap s t a t e  o c c u p a tio n . For 
s e n s i t iv e  dop ing , 2lE^ which i s  o f th e  o rd e r of N^f/g(E^), should  be as 
la rg e  as p o s s ib le ,  im plying th a t  a low le v e l  o f gap s t a t e s  i s  an 
e s s e n t ia l  c o n d it io n . With the  above in  m ind, Spear and Le Comber 
(28 ,29) argue th a t  th e  glow d isc h a rg e  tech n iq u e  p ro v id es  th e  most 
prom ising approach to  doping a -  S i , s in c e  i t  produces m a te r ia l  having  
a r e l a t i v e ly  low d e n s ity  o f s t a t e s  in  th e  gap . They a lso  use the  
above r e s u l t  to  ex p la in  the  in s e n s i t iv e  behav iou r to  doping o f 
evaporated  or s p u tte re d  m a te r ia l ,  su g g es tin g  th a t  a lth o u g h  i t  may be 
p o ss ib le  to  in c o rp o ra te  q u ite  a p p re c ia b le  d e n s i t i e s  o f donors or 
a ccep to rs  in to  th e  m a te r ia l ,  g(E^) i s  too h igh  to  a llo w  much change in  
the  Fermi le v e l  p o s i t io n ,  and co n seq u en tly  in  the  e l e c t r i c a l
by
where 4n(Et ) i s  th e  in c re a se  in  th e  extended s t a t e  e le c t ro n  d e n s i ty ,
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p r o p e r t i e s .
The above c o n c lu s io n s , deduced by Spear and Le Comber, were 
supported  by r e s u l t s  (28 ,29 ) which c h a ra c te r is e d  the  d ram atic  e f f e c t  
o f n -  type and p -  type doping on th e  e le c t r o n ic  t r a n s p o r t  p ro p e r t ie s  
o f glow d isch a rg e  d e p o sited  a -  S i and a -  Ge. S ubsequen tly , s im ila r  
r e s u l t s  were o b ta in ed  (32 ,33 ) by o th e r  g ro u p s , fo r  Phosphorus doped 
f ilm s  p repared  by the  same te ch n iq u e , which re  -  en fo rced  th e  work of 
Spear and Le Comber. These r e s u l t s  w i l l  no t be p re sen te d  h e re ,  bu t 
a re  c i te d  in  th e  re fe re n c e s  ( i . e .  3 2 ,3 3 ) . In under one y ear from the  
i n i t i a l  p u b lic a t io n  o f the  paper on doping by Spear and Le Comber 
(2 8 ) , doping s tu d ie s  on a -  Si were extended to  m a te r ia ls  p rep a red  by 
o th e r  means o f d e p o s it io n  (3 4 ,3 5 ,3 6 ,3 7 ) . R e su lts  which a re  of 
p a r t i c u la r  i n t e r e s t  to  th i s  in v e s t ig a t io n  a re  th o se  o b ta in ed  from 
m a te r ia ls  p repared  by r . f .  s p u t te r in g ,  and th e se  w i l l  be review ed 
below.
The f i r s t  s u c c e ss fu l a ttem p t a t  p rep a rin g  doped specim ens of 
a -  Si and a -  Ge by r . f .  s p u t te r in g  was made by Paul e t  a l  (37) in  
1976. These w orkers argued th a t  in  o rd e r  fo r  c o n tro l le d  doping of 
a -  Si and a -  Ge, i t  i s  e s s e n t i a l  to  p rep are  th e  m a te r ia l  under 
c o n d itio n s  th a t  w i l l  y ie ld  a minimum d e n s ity  o f d e fe c t s t a t e s  in  th e  
gap . In  th e  case o f s p u tte re d  a -  S i, t h i s  im p lie s  th a t  the  Hydrogen 
and Argon p a r t i a l  p re s su re , th e  t a r g e t  and s u b s t r a te  geom etry , the  
s u b s tr a te  b ia s  and th e  r . f .  power should a l l  be o p tim ised  (4) to 
ach ieve  th i s  aim . Paul e t  a l  perform ed d e p o s it io n s  under such optimum 
c o n d itio n s  and found th a t  th e  sim ultaneous removal of gap d e fe c t 
s t a t e s  by Hydrogen in c o rp o ra tio n , and th e  in tr o d u c tio n  of donor or
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a c c e p te r  s t a t e s  due to  Phosphorus o r Boron, produced m a te r ia l  in  which 
th e  e le c t ro n ic  tr a n s p o r t  p ro p e r t ie s  could  be s y s te m a tic a l ly  v a r ie d .  
They proposed th a t  th i s  method o f d e p o s it io n  p rov ided  a v ia b le  
a l t e r n a t iv e  to  th e  glow d isc h a rg e  te ch n iq u e . In  re c e n t y e a r s ,  the  
range o f n -  type dopants used has been in c re a se d  to  in c lu d e  alm ost 
a l l  o f th e  s u i ta b le  elem ents (3 8 ) , and th e se  s tu d ie s  have shown th a t  
th e  c o n d u c tiv i ty , and where m easured th e  th e rm o e le c tr ic  power, i s  
r e l a t i v e ly  independent o f th e  method o f f ilm  d e p o s it io n , th e  type  of 
dopant u sed , and i t s  method of in c o rp o ra t io n .
F igure  3.13 shows th e  tem p era tu re  dependence o f th e  c o n d u c tiv ity  
fo r  a s e r ie s  o f Phosphorus doped f ilm s  o f sp u tte re d  a -  S i:H , where 
th e  dopant gas p a r t i a l  p re s su re  i s  s y s te m a tic a l ly  v a r ie d  from 0 to
-5  -710 T o rr. The p re s su re  o f o n ly  2 X 10 Torr o f Phosphine has a 
d ram atic  e f f e c t  on the  room tem p era tu re  c o n d u c tiv ity  o f th e  m a te r ia l ,  
in c re a s in g  i t  by about fo u r o rd e rs  o f m agnitude. For th e  h ig h e s t  
p a r t i a l  p re ssu re  u sed , th e  room tem p era tu re  c o n d u c tiv ity  i s  in c re a se d  
by alm ost seven o rd e rs  o f m agnitude to  10 JL * cm*. Accompanying th i s  
in c re a se  in  the  c o n d u c tiv ity  i s  a sy s te m a tic  re d u c tio n  in  th e  s lo p e  of 
th e  A rrhenius p l o t .
The above d a ta  can be ex p la in ed  in  term s o f a two le v e l  t r a n s p o r t  
model (3 4 ,3 8 ,3 9 ,4 0 ) . At h igh  te m p e ra tu re s , th e  A rrhen ius p lo t  i s  
s in g ly  a c t iv a te d  and i s  in te r p r e te d  as e le c tro n  m otion a t  the  
conduction  band m o b ility  edge. In  th e  lower tem p era tu re  re g io n , 
t r a n s p o r t  i s  envisaged  as hopping in  a Phosphorus donor band, the  
d e n s ity  of which in c re a se s  w ith  in c re a s in g  Phosphine p a r t i a l  p re s s u re . 
In the  h igh  tem peratu re  reg io n  th e  c o n d u c tiv ity  i s  g iv en  by
(3 -5 )
Co
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uc
ti
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ty
 
(5^
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m 
)
103/T  ( K 1 )
F igure  3 .1 3 . C o n d uctiv ity  v e rsu s  in v e rse  tem p e ra tu re  f o r  a 
s e r ie s  o f Phosphorus doped specim ens o f a -S i:H . Each cu rve  
i s  la b e l le d  w ith  th e  Phosphine p a r t i a l  p re s s u re  in  th e  
s p u t te r in g  g a s . (A fter r e f .  38) .
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where 6^  and (Ec -  E .^) a re  th e  c o n d u c tiv ity  p re  -  e x p o n e n tia l and 
a c t iv a t io n  energy r e s p e c t iv e ly .  F igure  3.14 shows th e  v a lu e s  of 
and (Et  -  E^) deduced from f ig u re  3 .13  a t  h igh  te m p e ra tu re s , p lo t te d  
as a fu n c tio n  o f Phosphine p a r t i a l  p re s s u re . The d ec rea se  in  
(Ec -  E^) w ith  in c re a s in g  Phosphine p re s su re  i s  n o t unexpec ted . 
Assuming th a t  w ith  in c re a s in g  Phosphine p re s su re  th e re  i s  a 
co rrespond ing  in c re a s e  in  th e  d e n s i ty  o f fo u r fo ld  co o rd in a ted  
Phosphorus ^atoms in  th e  f i lm s ,  then  i t  i s  p o s s ib le  to  i n t e r p r e t  the  
c o n d u c tiv ity  d a ta  in  term s of a s h i f t  in  th e  p o s i t io n  o f  th e  Fermi 
l e v e l ,  from th e  gap c e n te r  tow ards th e  conduction  band edge, w ith  
in c re a s in g  Phosphorus c o n te n t , and an unchanged t r a n s p o r t  mechanism of 
extended s t a t e  co n d u c tio n . In  such a m odel, however, th e  p re fa c to r  ££ 
should be the  same fo r  each f i lm , b u t as show in  f ig u r e  3 .1 4 (b ) th i s  
i s  n o t th e  c a s e . Jones e t  a l  (41) a ttem p ted  to  accoun t fo r  th i s  
anomaly in  the  v a lu e  o f in  term s o f a c o e f f i c i e n t  , which
d e sc rib e s  th e  dependence o f the  Fermi le v e l  p o s i t io n  upon te m p e ra tu re . 
In  o rd e r to  ex p la in  th e  d a ta ,  th ey  f in d  th a t  must in c re a s e  w ith
in c re a s in g  f ilm  Phosphorus c o n te n t .  Equation  3 .5  can th e re fo re  be 
rep laced  by
where becomes the  new e f f e c t iv e  p r e f a c to r .  Ih u s , to
3 -i -(account fo r  th e  observed d ecrease  in  from 5X 10  to  10 JL cm ( in
. -L - |
f ig u re  3 .1 3 ) , $ must in c re a se  from 0 to  approx im ate ly  5 X 10 eV K .
(e
V)
 
(ft
 c
m
F igu re  3 .14 . P lo ts  o f  C^and v e rsu s  Phosphine p a r t i a l  p re s su re  
fo r  doped specim ens o f a -S i:H . (A fte r r e f .  38).
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In a s u b s ta n t ia l  number o f s tu d ie s  (38) , c o n d u c tiv i ty  d a ta  have 
been o b ta in ed  from Phosphorus doped film s  o f a -  S i:H , which when 
p lo t te d  as a fu n c tio n  of r e c ip ro c a l  tem p era tu re  d is p la y  "k in k s"  a t  
h igh  tem pera tu re  (above about 400 K ). These k inks have been ex p la in ed  
in  term s o f d isco n tin u o u s  changes in  th e  tem p era tu re  c o e f f ic ie n t  , 
d esc rib ed  above (4 2 ) , and in  term s o f t r a n s i t i o n s  between t r a n s p o r t  
p a th s  (3 4 ,3 8 ,4 0 ,4 3 ) . These d a ta , a lth o u g h  w orth m en tion ing  h e re , a re  
n o t d i r e c t l y  re le v a n t  to  th e  s tu d y  and w i l l  no t be d iscu ssed  f u r th e r .
. 3.7 CONCLUSION.
The review  o f th e  e le c t r o n ic  t r a n s p o r t  p ro p e r t ie s  o f amorphous 
S il ic o n  p re sen ted  in  t h i s  c h ap te r  i s  by no means e x h a u s tiv e . I t  does, 
however, la y  down fo u n d a tio n s  which w i l l  a s s i s t  in  in te r p r e t in g  
r e s u l t s  o b ta in ed  in  t h i s  s tu d y . For a more e x te n s iv e  rev iew  o f the  
p ro p e r t ie s  o f s p u tte re d  film s o f a -  Si in  g e n e ra l ,  th e  au th o r r e f e r s  
th e  re a d e r to  th e  a r t i c l e s  and p u b lic a t io n s  c i te d  ( i . e .  3 ,4 ,3 8 ) .
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CHAPTER 4
SAMPLE PREPARATION
4.1 INTRODUCTION
In t h i s  s tu d y  two c la s s e s  o f m a te r ia ls  were p rep a red , namely th e  
Chalcogen amorphous Selenium (a  -  Se) and th e  t e t r a h e d r a l ly  bonded 
sem iconductor amorphous S il ic o n  (a  -  S i ) .
Measurements perform ed on a -  Se were l im ite d  to  th e  "Time of 
F lig h t"  experim ent and were p r im a r i ly  used fo r  c h a r a c te r is in g  the  
equipment developed fo r  d e te c tin g  and f o r  a n a ly s in g  "Time o f F lig h t"  
d a ta .  a -  Se was id e a l  fo r  t h i s  purpose s in c e  measurem ents o b ta in ed  
could be compared w ith  th e  la rg e  body o f p u b lish ed  d a ta  c h a r a c te r is in g  
a -  Se in  term s o f th e  "Time o f F lig h t"  exp erim en t. Only one 
techn ique  was used fo r  p rep a rin g  a -  S e , namely quenching from th e  
m e lt, th a t  being d iscu ssed  in  t h i s  c h a p te r .
The bu lk  o f th e  work c a r r ie d  ou t in  t h i s  p ro je c t  com prised of 
m easurements perform ed on a -  S i . The main tech n iq u es  a v a i la b le  fo r  
p rep a rin g  th in  f ilm s  o f a -  S i, w ith  p a r t i c u l a r  emphasis on r . f .  
s p u t te r in g ,  w i l l  be rev iew ed. F in a l ly ,  th e  system  used and the  
methods employed fo r  d e p o s it in g  b o th  doped and undoped a -  Si w i l l  be
d e s c r ib e d .
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4 .2  AMORPHOUS SELENIUM
Specimens o f v i t r e o u s  Selenium o f th ic k n e ss  in  the  20 -  80 m icron 
range were p repared  by quenching from th e  m elt ( 1 ) .  Ih in  mica p la te s  
approx im ate ly  5 cm by 8 cm were p reh ea ted  to  around 700 K elvin  in  a 
bunsen flam e. A sm all p e l l e t  o f 99.999% pure Selenium was sandwiched 
between th e  hot p la te s  and p re ssu re  im m ediately  a p p lie d . Ihe m a te r ia l  
became m olten  and q u ick ly  flowed in to  a wide th in  la y e r  between th e  
mica s h e e ts .  Being o f very  low th erm al c a p a c ity , th e  s t r u c tu r e  
q u ick ly  cooled to  room tem p era tu re  causing  th e  m a te r ia l  to  quench 
ra p id ly  from th e  m olten phase . Once c o o led , th e  mica sh e e ts  cou ld  be 
peeled  away leav in g  a la rg e  sample o f g la s s  w ith  h igh  q u a l i ty  
s u r f a c e s . I t  was g e n e ra lly  observed th a t  su rfa c e  im p u r it ie s  which had 
c o l le c te d  on th e ' Selenium p e l l e t  flowed to  th e  edges o f th e  f ilm  
during  p re p a ra t io n  and th e se  p a r ts  o f th e  f ilm  could  be d is c a rd e d .
From such la y e r s ,  specimens 10 mm by 10 mm were produced by 
d ic in g  the  f ilm  using  a s c a lp e l .  Gold o r Aluminium e le c tro d e s  were 
evapo ra ted  onto each s id e  o f th e  f i lm  usin g  an in -c o n ta c t  mask to  
produce th e  e le c tro d e  c o n f ig u ra tio n  shown in  f ig u re  4 .1 .
4 .3  AMORPHOUS SILICON -  GENERAL PREPARATION TECHNIQUES.
V arious p ro cesses  a re  a v a i la b le  fo r  d e p o s it in g  a -  S i ,  th e  most 
im p o rtan t and commonly used being  r . f .  s p u t te r in g  and glow d isc h a rg e  
decom position . O ther methods such as vacuum e v ap o ra tio n  ( 2 ) ,  
e l e c t r o l y t i c  d e p o s it io n  ( 3 ) ,  io n  beam bombardment ( 4 ) ,  and chem ical
Specimen
F ig u re  4 .1 . Sandwich c e l l  e le c tro d e  c o n f ig u ra t io n .
F ig u re  4 .2 .  Elem ents o f an in d u c tiv e ly  coupled glow d isc h a rg e  
system .
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vapour d e p o s it io n  (5 ) e x i s t ,  bu t th e se  f a l l  ou tw ith  th e  scope o f th i s  
s tu d y .
A .3.1 GLOW DISCHARGE DECOMPOSITION.
F igu re  4 .2  i l l u s t r a t e s  the  b a s ic  exp erim en ta l c o n f ig u ra tio n  fo r  
an in d u c tiv e ly  coupled g as-phase  decom position  o f  a m a te r ia l .  The 
g a s , G, flows th rough  the  q u a rtz  r e a c t io n  tu b e , T, p a s t  the  s u b s t r a te ,  
S, which i s  h e ld  on a p e d e s ta l ,  H. The plasm a, P ,  i s  m ain ta in ed  by 
in d u c tiv e ly  (o r  c a p a c i t iv e ly )  coup ling  r . f .  power in to  th e  plasm a g a s .
I t  has been known fo r  many y ea rs  th a t  i f  S ilan e  gas ( Si H^) a t  
low p re s su re  i s  passed th rough a glow d isch a rg e  system , th e  d e p o s it io n  
o f amorphous S il ic o n  tak es  p lace  ( 6 ) .  Undoped specim ens can be 
p repared  by p ass in g  pure S ilan e  th rough th e  system , w hile  doped 
specim ens can be d ep o sited  by m ixing sm all amounts o f dopant gases 
such as Phosphine (P H^) o r D iborane (B^ H$) w ith  th e  S ila n e . The 
p ro p e r t ie s  of th e  film s  d e p o s ite d , how ever, depend c r i t i c a l l y  upon th e  
d e t a i l s  o f th e  a p p ara tu s  and upon p re p a ra t io n  c o n d it io n s . P aram eters 
such as s u b s tr a te  tem pera tu re  and p o s i t io n ,  gas p re s su re  and flow  
r a t e ,  and r . f .  power a re  a l l  im p o rta n t.
A s ig n i f ic a n t  p o in t about th e  p re p a ra t io n  o f a -  Si by th e  glow 
d isch a rg e  te ch n iq u e , i s  th a t  th e  plasma i s  in  c o n ta c t w ith  the  
specimen su rfa c e  during  d e p o s i t io n .  This f e a tu re  i s  o f g re a t  
im portance s in ce  complex su rfa c e  r e a c t io n s  take  p la ce  during  grow th , 
in v o lv in g  e le c tro n s  and p o s i t iv e  io n  fragm ents such as Si-H , Si-H ^ and 
Si-H ^. The ex p erim en ta l c o n tro l o f th e se  su rfa c e  r e a c t io n s  to  o b ta in
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w e ll-d e fin e d  and re p ro d u c ib le  e le c t r o n ic  specimen p ro p e r t ie s  rem ains a 
m ajor problem of the  te c h n iq u e . As a r e s u l t ,  th e re  can be pronounced 
d if fe re n c e s  between sam ples produced in  d i f f e r e n t  l a b o r a to r ie s  under 
seem ingly id e n t ic a l  d e p o s it io n  c o n d it io n s ,  and t h i s  has lead  to  
co m plica tions of com parison and u n d e rs ta n d in g .
4 .3 .2  R .F . SPUTTER DEPOSITION.
The elem ents o f an r . f .  s p u t te r  d e p o s it io n  system  a re  shown in  
f ig u re  4 .3 . An r . f .  d isch a rg e  i s  s e t  up between th e  t a r g e t  to  be 
d ep o sited  and the  s u b s t r a te  e le c t r o d e .  Ions w ith  e n e rg ie s  rang ing  
from a few te n th s  to  s e v e ra l  hundred e le c tro n  v o l t s  a re  a c c e le ra te d  by 
a f i e l d ,  from the  plasm a in to  the  t a r g e t  causing  atoms o r  groups o f 
atoms to  be knocked ou t o f the  t a r g e t  and c o l le c te d  on th e  s u b s t r a te .  
The ta r g e t  i s  norm ally  a p re fa b r ic a te d  p o ly c r y s ta l l in e  o r compressed 
powder d isc  and Argon i s  th e  most commonly used gas f o r  su p p o rtin g  the  
d is c h a rg e . D eposition  r a te s  depend on f a c to r s  such as Argon p re s s u re , 
ta r g e t  s iz e ,  e le c tro d e  s e p a ra t io n ,  r . f .  power, e t c . ,  bu t no rm ally  
d e p o s it io n  r a te s  o f around 0 .5  m icrons per hour can be a ch iev ed . As 
in  the  case of glow d isch a rg e  decom position , th e  p ro p e r t ie s  o f a -  Si 
p repared  by s p u tte r in g  a re  determ ined  by complex in te ra to m ic  su rfa c e  
re a c tio n s  which a re  d i f f i c u l t  to  c o n tro l ;  t h i s  ag a in  le ad in g  to  
marked d if fe re n c e s  between samples produced in  v a r io u s  la b o r a to r ie s  
under seem ingly id e n t ic a l  d e p o s it io n  c o n d it io n s . In  g e n e ra l ,  however, 
i t  has been observed (7 ) th a t  f ilm s  d e p o sited  u s in g  the  
r . f .  s p u tte r in g  te ch n iq u e , have s t r u c tu r a l  and e l e c t r i c a l  p ro p e r t ie s  
which a re  very  s im ila r  to  film s  d e p o sited  in  a h ig h  vacuum e v a p o ra to r .
r.f. power
F igu re  4 .3 . Elem ents of an r . f .  b ia s  s p u t te r  d e p o s it io n  system .
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Sometimes a r e a c t iv e  gas can be in tro d u ce d  in  " r e a c t iv e  
s p u t te r in g " , to  combine w ith  the  t a r g e t  m a te r ia l  in  th e  plasma 
r e s u l t in g  in  th e  d e p o s it io n  of a compound on th e  s u b s t r a t e .  This i s  
th e  case  when d e p o s it in g  Hydrogenated amorphous S il ic o n  (a  -  S i:H ) , 
where Hydrogen gas i s  in tro d u ced  in to  the  chamber along w ith  th e  Argon 
g a s . The Hydrogen i s  bonded w ith  th e  S il ic o n  bo th  in  th e  plasm a and 
on the  s u b s tr a te  r e s u l t in g  in  th e  d e p o s it io n  o f a S il ic o n  -  Hydrogen 
a l lo y .  I t  has been re p o rte d  by Anderson e t  a l  ( 8 ) ,  C onnell e t  a l  ( 9 ) ,  
and o th e r s ,  th a t  the  e l e c t r i c a l ,  o p t ic a l  and s t r u c tu r a l  p ro p e r t ie s  of 
such s p u tte re d  a -  Si:H  film s  d i f f e r  s i g n i f i c a n t ly  from th o se  o f  bo th  
s p u tte re d  film s w ith o u t th e  in tro d u c tio n  o f Hydrogen and evap o ra ted  
f i lm s .  In  f a c t  i t  has been observed (9 ) th a t  s p u tte re d  f ilm s  of 
a -  Si:H  have p ro p e r t ie s  more ak in  to  m a te r ia l  d e p o s ite d  by th e  glow 
d isch a rg e  decom position  o f S ila n e , as d e sc r ib e d  in  th e  p rev io u s  
s e c t io n .
Doping o f s p u tte re d  a -  Si:H  can be ach ieved  by s p u t te r in g  from a 
d e g en e ra te ly  doped c r y s ta l l in e  t a r g e t ,  by co -  s p u t te r in g  from a 
S il ic o n  ta r g e t  w ith  a sm all pe rcen tag e  o f dopant m a te r ia l  p laced  on 
i t s  s u r fa c e , o r by in tro d u c in g  dopant gases  in to  th e  chamber in  the
gas phase .
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4 .4  FACTORS AFFECTING FILM PROPERTIES IN 
R .F. SPUTTER DEPOSITION
In  the p rev io u s  s e c t io n  i t  was s ta te d  th a t  in te r a c t io n s  between 
the  plasma and th e  specimen su rfa c e  were v e ry  d i f f i c u l t  to  c o n tro l  in  
both  s p u t te r  and glow d isch a rg e  sy stem s. In a s p u t te r  system , 
however, th e re  a re  a d d i t io n a l  co m p lica tio n s  due to  th e  in te r a c t io n s  of 
th e  plasma w ith  th e  ta r g e t  m a te r ia l .  Because th e se  in te r a c t io n s  a re  
so numerous and a re  i n t e r r e l a t e d ,  i t  i s  im p o ssib le  to  s e p a ra te  them 
co m p le te ly . However, an a ttem p t i s  made below to  d e sc r ib e  th e  most 
im portan t s u b s t r a te ,  plasma and ta r g e t  r e a c t io n s  th a t  b e a r on th e  
p ro p e r t ie s  o f d e p o sited  f i lm s .
4 .4 .1  TARGET -  SUBSTRATE INTERACTIONS.
The most fundam ental param eter o f a s p u t te r in g  p ro cess  i s  the  
" s p u t te r in g  y ie ld " ,  d e fin ed  as th e  number o f atoms e je c te d  from a 
ta r g e t  su rfa ce  per in c id e n t pho ton . The s p u t te r in g  y ie ld  de te rm in es  
th e  e ro s io n  r a te  o f the  t a r g e t  m a te r ia l ,  and la r g e ly ,  (b u t no t 
e n t i r e ly )  the  d e p o s it io n  ra te  o f s p u tte re d  f i lm s .  The y ie ld  i t s e l f  i s  
determ ined by th e  in c id e n t  energy  o f bombarding io n s , having a low er 
l im i t  s e t  by th e  h e a t o f su b lim a tio n  o f th e  t a r g e t  m a te r ia l .  Atoms 
removed from th e  ta r g e t  a re  m ain ly  n e u tr a l  a lth o u g h  bo th  p o s i t iv e  and 
n eg a tiv e  ions can be l ib e r a te d .
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Since s p u tte r in g  ta r g e ts  a re  h e ld  a t  h igh  n e g a tiv e  p o t e n t i a l s ,  
a f t e r  bombardment secondary e le c t ro n s  a re  a c c e le ra te d  away from th e  
ta r g e t  su rfa c e  w ith  an i n i t i a l  energy  equal to  th e  t a r g e t  p o t e n t i a l .  
These e le c tro n s  h e lp  to  s u s ta in  th e  plasma by th e  io n is a t io n  o f 
n e u tr a l  s p u tte r in g  gas atom s, which in  tu rn  bombard th e  t a r g e t  and 
re le a s e  more secondary e le c tro n s  in  an avalanche p ro c e ss . Many o f the  
secondary  e le c tro n s  a re  th e rm a lised  by c o l l i s io n s  in  th e  g a s , b u t even 
a t  h ig h  p re s su re s , a s u b s ta n t ia l  number can r e t a in  f u l l  ta r g e t  
p o te n t ia l  u n t i l  im pact w ith  th e  s u b s t r a t e .  Such s u b s t r a te  bombardment 
may produce s t r u c tu r a l  defo rm ation  in  d e p o s ited  f i lm s ,  cau sin g  an 
in c re a se  in  the  d e n s ity  o f d e fe c t s t a t e s .
Other p a r t i c l e s  such as secondary  io n s  and r e f le c te d  in c id e n t  
p a r t i c l e s ,  and i r r a d ia t io n  such as photons and X -  ray s  a re  l ib e r a te d  
from th e  t a r g e t .  A ll o f th e se  r e p re s e n t  p o s s ib le  so u rces  o f s u b s t r a te  
bombardment and deform ation  d u ring  f ilm  grow th.
4 . 4 . 2  SUBSTRATE BIAS AND POWER.
In a b ia s  -  s p u tte r in g  system , th e  s u b s t r a te  and ta r g e t  
e le c tro d e s  a re  s im u ltan eo u sly  su p p lie d  w ith  r . f .  power. This causes 
e tch in g  o f m a te r ia l  from bo th  th e  s u b s t r a te  and th e  t a r g e t ,  and fo r  
n e t growth o f m a te r ia l  on the s u b s t r a te  th e  r a te  o f d e p o s it io n  must be 
g re a te r  than  the  e tch  r a t e .  I t  has been suggested  (1 0 ,1 1 ) , th a t  
m a te r ia ls  w ith  improved p ro p e r t ie s  can be produced u s in g  t h i s
te c h n iq u e .
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Supplying power to  th e  s u b s t r a te  induces a n e g a tiv e  p o te n t ia l  on 
i t s  su rfa c e  due to  th e  d if f e r e n c e  in  m o b ili ty  o f e le c t ro n s  and io n s . 
As th e  r . f .  power i s  in c re a s e d , th e  induced p o te n t ia l  in c re a s e s  
causing  g re a te r  bombardment o f th e  s u b s t r a te  by Argon, Hydrogen and 
S il ic o n  -  Hydrogen io n s . A lliso n  (10) has suggested  th a t  such 
bombardment could be in s tru m e n ta l in  th e  p ro d u c tio n  o f h ig h e r  q u a l i ty  
film s fo r  th re e  main re a so n s . F i r s t l y ,  in te r a c t io n s  o f bombarding 
ions w ith  lo o se ly  bound and im p u rity  sp e c ie s  could  s e le c t iv e ly  remove 
th e se  from the  f ilm  s u r fa c e .  This cou ld  r e s u l t  in  the  p ro d u c tio n  o f 
p u re r f i lm s ,  s in ce  th e  growing s u rfa c e  i s  k ep t f r e e  from re a c t iv e  
contam inant g a se s . Secondly, enhanced d i f f u s io n  o f su rfa c e  atoms due 
to  momentum t r a n s f e r  could  improve th e  morphology o f th e  f ilm  and 
p reven t vo id  and c lu s t e r  fo rm a tio n . T h ird ly , bombardment o f th e  f ilm  
w ith  Hydrogen ions could  improve th e  le v e l  o f s a tu r a t io n  o f  d ang ling  
bonds. The amount o f bombardment re c e iv e d  by a growing f i lm , how ever, 
i s  c r i t i c a l ,  and i f  ex cessiv e  power i s  d e liv e re d  to  th e  s u b s t r a te  th e  
q u a l i ty  of th e  d ep o sited  f ilm  may d e c lin e  due to  th e  c r e a t io n  o f 
bombardment -  induced d e fe c ts  s t a t e s .  Indeed , a compromise must be 
s tru c k  between bombardment damage and bombardment enhancem ent.
4 .A.3 SUBSTRATE TEMPERATURE.
F igure 3.10 shows th e  e f f e c t  o f v a ry in g  th e  s u b s t r a te  tem p era tu re  
on th e  room tem peratu re  p h o to c o n d u c tiv ity  of s p u tte re d  Hydrogenated 
amorphous S il ic o n  p repared  a t  an Argon p a r t i a l  p re s su re  o f 5 mTorr 
(1 6 ) . The i n i t i a l  in c re a se  in  p h o to c o n d u c tiv ity  w ith  in c re a s in g  
s u b s tr a te  tem peratu re  i s  c o n s is te n t  w ith  th e  removal o f d e fe c t  s t a t e s
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from th e  gap and i s  b e lie v e d  to  be th e  r e s u l t  o f two e f f e c t s .  
F i r s t l y ,  some netw ork re o rg a n is a t io n  and r e la x a t io n  can tak e  p lace  a t  
h ig h e r tem p era tu res ; Secondly, th e  p ro b a b i l i ty  of Hydrogen atoms 
m ig ra tin g  on the  growing s u r fa c e ,  to  s i t e s  were th ey  can compensate 
in c ip a n t  dang ling  bonds, in c re a s e s  w ith  te m p e ra tu re . F igure  3 .1 0 , 
how ever, d e p ic ts  th e  p h o to c o n d u c tiv ity  going th rough  a maximum between
o o
about 200 C and 300 C. This has been shown to  be (8 ,1 6 ) th e  r e s u l t  o f 
th e  in c re ase d  l ik e l ih o o d  a t  h ig h e r tem p era tu res  th a t  Hydrogen w i l l  be 
unable to  bond in to  th e  S il ic o n  netw ork . As a r e s u l t ,  th e  Hydrogen 
c o n te n t o f the  f ilm  w i l l  d e c re a se ; t h i s  being  coupled w ith  a 
co rrespond ing  in c re a se  in  th e  d e n s i ty  o f d e fe c t s t a t e s .
4 .4 .4  INERT GAS DILUTION.
Recent r e s u l t s  (15) have su g gested  th a t  th e  bombardment of 
growing film s by d i lu te n t  gas atoms p lay s  a m ajor ro le  in  d e te rm in in g  
th e  d e n s i ty  of d e fe c t s t a t e s .  H igher p re s su re s  r e s u l t  in  more gas 
c o l l i s io n s  which m oderate the  k in e t ic  energy  o f th e  sp e c ie s  t h a t  h i t  
th e  s u b s t r a te ,  r e s u l t in g  i s  le s s  f ilm  damage. This su g g es tio n  i s  
supported  by f ig u re  4 .4  which shows th e  Argon c o n te n t o f a -  Si f ilm s  
in c re a s in g  w ith  d ec rea s in g  Argon p re s s u re , a l l  o th e r  th in g s  being  
e q u a l .
K nights e t  a l  (14) ,  have shown th a t  d i lu te n t  gas in c o rp o ra tio n  
in to  film s  during  d e p o s it io n  can r e s u l t  in  th e  p ro d u c tio n  o f v o id s  and 
m ic ro c rack s , lead in g  to  i n f e r i o r  p r o p e r t i e s .  The type o f gas used to  
su pport the d isch a rg e  has a lso  been found to be c r i t i c a l ,  and f ilm s
Ar
/(
Si
+A
r)
 
Pe
ak
 H
ei
gh
t
i
0 06 -
0-04
0-02
I
\
\
\
\
\
\
<\
\
—o --- —
0 _______I______1—
0 25 50
_i_______ i_______ i_______ i_______ i—
75 100 125 150 175
A r g o n  ( mTor r )
F ig u re  4 . 4 .  In f lu en c e  o f Argon gas p re s su re  on th e  Argon 
c o n te n t o f a -S i:H  film s  p re p a red  under id e n t i c a l  c o n d itio n s  
o f  r . f .  power, s u b s t r a te  -  t a r g e t  sp ac in g  and s u b s t r a te  
te m p e ra tu re . Argon c o n te n t e s tim a te d  from th e  r a t i o  o f  th e  
Ar -  to  -  S i peak h e ig h t in  e le c tro n  beam e x c ite d  X -  ra y  
f lu o re sc en c e  spectrum . (A fte r r e f .  15).
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w ith  d i f f e r e n t  e l e c t r o n i c ,  s t r u c tu r a l  and o p t ic a l  p ro p e r t ie s  can be 
produced using  d i f f e r e n t  d i lu te n t  g a s e s . The g e n e ra l tre n d  i s  th a t  
the  q u a l i ty  o f d e p o sited  f ilm s  in c re a se  w ith  d e c rea s in g  atom ic mass of 
the  d i lu te n t  g a s .
4 .5  DUNDEE "MOBS" SPUTTER HARDWARE.
A ll amorphous S il ic o n  f ilm s  were d e p o s ite d  u sin g  th e  NORDICO Bias 
S p u tte r in g  system  shown in  f ig u re  4 . 5 .  The chamber was evacuated  
u sing  a 20 cm o i l  d i f f u s io n  pump backed by a s u i ta b le  m echanical 
ro ta r y  pump. Gases were adm itted  in to  th e  chamber u sing  e i t h e r  n eed le  
v a lv es  or au tom atic  mass flow  equipm ent • The gas flow  r a t e  was 
a d ju s te d  in  o rd e r to  m a in ta in  a c o n s ta n t p re s su re  w ith in  th e  cham ber. 
Three 10 cm d iam eter t a r g e t s  could  be accommodated by th e  system , the  
ta r g e t  chosen fo r  d e p o s it io n  being  r o ta te d  underneath  th e  s u b s t r a te .  
The s u b s tr a te s  were h e ld  in  c o n tac t w ith  a 19 cm d iam eter Copper p la te  
which could be hea ted  e l e c t r i c a l l y ,  o r cooled  by w ater o r  l iq u id  
N itro g en . The main f e a tu re s  o f th e  u n i t  a re  d e sc rib e d  below .
4 . 5 . 1  TARGET AND SUBSTRATE.
The s p u t te r  t a r g e t  used fo r  d e p o s it in g  a -  Si was an 8 cm 
d iam eter p o ly c ry s ta l l in e  d isc  o f e le c t r o n ic  g rade S i l ic o n , bonded w ith  
conductive  epoxy to  a s t a in le s s  s t e e l  backing  p l a t e .  The p la te  was 
screwed in to  a w ater cooled ta r g e t  h o ld e r ,  th e  com plete arrangem ent 
shown in  f ig u re  4 . 6 ,  being  p a r t i a l l y  shrouded by a s t a i n l e s s  s t e e l
F igu re  4 .5 .  Schem atic diagram  o f  Nordico b ia s  s p u t te r  
d e p o s it io n  system .
e a r t h  shield
hol de r
F igure  4 . 6 .  D e ta ils  o f  S i l ic o n  t a r g e t  assem bly .
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e a r th in g  s h ie ld .  The purpose o f  th e  e a r th in g  s h ie ld  was to  p rev en t 
s ta in le s s  s t e e l  a t  th e  edges o f the  S il ic o n  ta r g e t  from being 
s p u t te re d .
I t  was found th a t  th e  p o s i t io n  o f th e  e a r th in g  s h ie ld  w ith  
re sp e c t to  th e  t a r g e t  had a m ajor in f lu e n c e  on th e  n e g a tiv e  b ia s  
v o lta g e  induced on th e  ta r g e t  su rfa c e  du rin g  d e p o s it io n . This was due 
to  the  t a r g e t  -  to  -  e a r th  c ap a c itan c e  being  a f fe c te d  by sm all changes 
in  th e  ta r g e t  geom etry . In  o rd e r  to  c o u n te r  such u n d e s ira b le  
v a r ia t io n s  between d e p o s it io n s , a j i g  was c o n s tru c te d  which a c c u ra te ly  
lo c a te d  th e  e a r th in g  s h ie ld  in  th e  same p o s i t io n  each tim e i t  was 
f i t t e d .
Eight Corning 7059 glass substrates could be loaded into the
s p u tte r in g  system  fo r  each d e p o s it io n , th e  s u b s t r a te s  being  h e ld  in
good therm al c o n ta c t w ith  a Copper p la te  by a shaped b ra s s  h o ld e r .  To
f a c i l i t a t e  s u b s tr a te  and mask p o s i t io n in g ,  the  p la te  was dem ountable
from the  system . In s id e  th e  cham ber, the  Copper p la te  was lo c a te d
d i r e c t ly  above th e  t a r g e t  and was m ain ta ined  in  good therm al c o n ta c t
with a 1.5  kW e le c tr ic  heater element by a large  Copper o -  r in g . The
o
substrate p late  could be heated to a maximum temperature of 650 C. 
The heater element was supplied, through a su ita b le  is o la tio n  
transform er, from a 6 Amp 240 V olt v a r ia c , the temperature o f the 
Copper p late being monitored v ia  a Copper -  Constantan thermocouple. 
The temperature of the p late was ca lib rate d  against the variac  output 
v o lta g e , the c a lib ra tio n  graph being shown in fig u re  4 .7 .
AF igure  4 .7 . C a l ib ra t io n  graph o f  v a r ia c  o u tp u t v o lta g e  v e rsu s  
Copper s u b s t r a te  -  p la te  tem p e ra tu re .
The ta r g e t  -  s u b s tr a te  s e p a ra tio n  employed d u ring  d e p o s it io n  has 
been shown to  have a de term in ing  in f lu e n c e  on the  e le c t r o n ic  
p ro p e r t ie s  o f f ilm s  produced. Oguz e t  a l  (1 2 ) ,  found th a t  optimum 
film  p ro p e r t ie s  ( i . e .  f ilm s  w hich, among o th e r  th in g s ,  d isp la y e d  th e  
la r g e s t  room tem peratu re  p h o to c o n d u c tiv ity ) , a re  o b ta in ed  a t  a 
s e p a ra tio n  o f around 3 to  4 cm. In  th e  N ordico system  employed in  
th i s  s tu d y , i t  was p o ss ib le  to  v a ry  the  ta r g e t  -  s u b s tr a te  s e p a ra t io n  
over the  range 5 to  25 cm. A fte r  some p re lim in a ry  f ilm  d e p o s i t io n s ,  
i t  was decided  to  f i x  th e  t a r g e t  -  s u b s t r a te  s e p a ra tio n  a t  5 cm 
th roughout the  d u ra tio n  of th e  p r o je c t .  This was th e  minimum 
ta r g e t  -  s u b s tr a te  s e p a ra tio n  th a t  could  be ach ieved  using  the  N ordico 
system .
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4 .5 .2  GAS CONTROL AND VACUUM SYSTEM.
As a lre a d y  m entioned, gases were removed from the  s p u t te r in g
chamber using  a 20 cm o i l  d i f f u s io n  pump, backed by a m echanical
ro ta ry  pump. A maze -  type w ater coo led  t r a p  was s i tu a te d  above the
d if f u s io n  pump to  p reven t backstream ing  o f o i l  in to  th e  chamber and
above th a t  a p n eu m atica lly  c o n tro l le d  b a f f le  p l a t e ,  which was used to
c o n tro l the  r a te  a t  which g ases  were removed from the  cham ber.
P receding  a d e p o s it io n  ru n , the background p re s su re  in  the  chamber was
-S -6
reduced to  between 10 and 10 T o rr. No m ass-sp ec tro m etry  equipm ent 
was a v a ila b le  to  an a ly se  the  r e s id u a l  g a se s , bu t N itrogen  and w ater 
vapour were found to  be the p r in c ip a l  im p u r i t ie s  in  a s im ila r  system  
(1 5 ) .
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During the  term  of th i s  p ro je c t  th e  s p u t te r in g  system  was 
upgraded and as a r e s u l t  two methods o f a d m ittin g  gases in to  the  
chamber were employed. The f i r s t  method invo lved  the  use o f need le  
v a lv es  to  c o n tro l the  flow  of bo th  Hydrogen and Argon g a s . A fte r  the 
chamber had been pumped down to  i t s  background l e v e l ,  th e  Hydrogen 
v a lv e  was opened and th e  d e s ire d  Hydrogen p a r t i a l  p re s su re  s e t  up by 
a d ju s t in g  the need le  v a lv e  s e t t i n g .  Once t h i s  p re s su re  had 
s t a b i l i s e d ,  th e  Hydrogen va lv e  was c lo s e d , th e  Argon v a lv e  was opened 
and the  re q u ire d  Argon p a r t i a l  p re s su re  s e t  up u sing  i t s  c o n tr o l l in g  
need le  v a lv e . Once th i s  p re s su re  had s t a b i l i s e d  bo th  n eed le  v a lv es  
were opened and th e  chamber p re s su re  allow ed to  s e t t l e .  U su a lly , th e  
chamber p re ssu re  s e t t l e d  a t  a v a lu e  th a t  was c lo se  to  th e  sum o f th e  
in d iv id u a l p a r t i a l  p re s s u re s .
The above procedure had a number o f sev e re  l im i t a t i o n s .  F i r s t l y ,  
th e  on ly  time th a t  th e  chamber p a r t i a l  p re s su re s  were known was d u ring  
i n i t i a l  s e t t in g  up . Once th e  d e p o s it io n  had commenced, on ly  th e  t o t a l  
chamber p re ssu re  could  be m o n ito red . Secondly , d u ring  a s p u t te r in g  
run (which in  most cases  had a d u ra tio n  o f about 48 h o u r s ) , th e  n eed le  
v a lv e s  req u ire d  ad justm en t in  o rd e r to  co u n te r v a r ia t io n s  in  th e  
chamber p re s su re . I t  was found th a t  th e  b e s t  method o f ad ju stm en t was 
to  in c re a se  o r d ecrea se  both  n eed le  v a lv e s  by th e  same amount. Using 
such a method, however, gave no g u a ran tee  th a t  th e  re q u ire d  p a r t i a l  
p re ssu re s  would be m ain ta ined  a t  t h e i r  i n i t i a l  s e t t i n g ,  and i t  was 
l ik e ly  th a t  p a r t i a l  p re ssu re s  would p ro g re s s iv e ly  d r i f t  as th e  run 
proceeded. T h ird ly , v a r ia t io n s  in  th e  gas l in e  p re s su re  could  cause a 
fu r th e r  source of bo th  chamber and p a r t i a l  p re s su re  d r i f t .
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As m ight be ex p ec ted , by u sin g  such u n re l ia b le  p rocedu res fo r  
c o n tro l l in g  th e  gas flow  r a t e s ,  th e  e le c t r o n ic  and o p t ic a l  p ro p e r t ie s  
o f d ep o sited  f i lm s ,  produced from d i f f e r e n t  runs under seem ingly  
id e n t ic a l  c o n d itio n s , v a r ie d  in  some case s  by up to  fo u r o rd e rs  of 
m agnitude. In an a ttem p t to  remedy th i s  problem , au tom atic  mass flow  
equipment was o b ta in ed  fo r  the  system , (MKS B aratron  type 260 m odular 
mass flow  c o n tro l sy s te m )• The equipm ent o p e ra ted  by a d ju s t in g  the  
mass flow  r a te s  o f gases e n te r in g  th e  chamber in  o rd e r to  m a in ta in  a 
p re s e t  p re s su re . Flow r a te s  were a d ju s te d  by ap p ly ing  th re e  term  
c o n tro l to  th e  d if f e r e n c e  s ig n a l  between a s e tp o in t  p re s su re  and the  
chamber p re s su re , th e  chamber p re s su re  be ing  m onito red  v ia  an MKS 
B aratron  type 261 manometer. Up to  fo u r gases  could  be c o n tro l le d  
s im u ltan eo u sly , t h e i r  r a t i o  o f flow  being  k ep t c o n s ta n t by th e  
c o n t r o l l e r .
Although th i s  equipment d id  n o t a llo w  c o n tro l  over the  a b so lu te  
chamber p a r t i a l  p r e s s u r e s , i t  was cap ab le  o f m a in ta in in g  a f ix e d  r a t i o  
between the  flow  r a te s  o f in d iv id u a l  g a s e s . This was a s ig n i f i c a n t  
improvement over the  n eed le  v a lv e  arrangem ent and prov ided  a s u i ta b le  
means fo r  s ta n d a rd is in g  f ilm  p ro p e r t ie s  a g a in s t  gas flow  r a t e s .
4 .5 .3  R .F . POWER GENERATOR.
R .F . power was d e liv e re d  to  th e  s p u t te r  e le c tro d e s  u s in g  a 
c r y s ta l  c o n tro l le d  g e n e ra to r  o p e ra tin g  a t  a frequency  of 13.56 MHz. 
The g e n e ra to r had an o u tp u t impedance o f 50 Ohms and was capab le  of 
d e liv e r in g  1.25 kW a t  5 Amps. In  o rd e r to  d e l iv e r  power to  the
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s p u tte r in g  d isch a rg e  th e  g e n e ra to r  had to  be impedance -  matched to  
the  e le c tro d e  assem bly .
The e q u iv a le n t c i r c u i t  of an e le c tro d e  i s  shown in  f ig u r e  4 .8 , 
where i s  th e  c a p a c ita n c e  o f th e  e le c tro d e  to  ground (m o stly  due to  
th e  p resence  of th e  ground s h i e l d ) , i s  th e  c a p a c ita n c e  o f the  
t a r g e t  and i s  a d .c .  b lo ck in g  c a p a c i to r .  Rp and Lp a re  
r e s p e c t iv e ly  th e  r e s is ta n c e  and in d u c tan ce  o f th e  plasma d is c h a rg e . 
The impedance o f th e  e le c tro d e  system  was in  g e n e ra l n o t eq u a l to  
50 Ohms and under such c o n d itio n s  th e  g ro ss  impedance mism atch caused 
p r a c t i c a l ly  a l l  th e  r . f .  power to  be r e f le c te d  back to  th e  g e n e ra to r ,  
w ith  v e ry  l i t t l e  power being  a v a i la b le  fo r  s p u t te r in g .  To overcome 
th i s  problem , th e  ta r g e t  and s u b s t r a te  e le c tro d e s  were f i t t e d  w ith  
m atching u n i ts  shown in  f ig u re  4 .9 , which transfo rm ed  th e  e le c tro d e  
impedance to  a v a lu e  c lo se  to  50 Ohms.
Three methods o f s p u t te r in g  were p o s s ib le  u s in g  th e  NORDICO 
system , namely s p u t te r  d e p o s it io n , s p u t te r  e tch in g  and b ia s  s p u t te r in g  
(see  f ig u re  4 .1 0 ) .  B ias s p u t te r in g  re q u ire d  the  use o f a power 
s p l i t t e r  to  a p p o rtio n  th e  g en e ra ted  power between th e  s u b s t r a te  and 
th e  t a r g e t  e le c t ro d e .  The s p l i t t e r  used was capab le  o f o p e ra tin g  over 
a con tinuous range from 1:1 to  2 0 :1 , ( i . e .  power to  t a r g e t  : power to  
s u b s t r a t e ) .
R,
AAAa
L
F ig u re  4 .8 . E q u iv a len t r . f .  c i r c u i t  f o r  s p u t te r  e le c tro d e  
and plasm a d isc h a rg e .
F ig u re  4 .9 . M atching u n i t  used  to  tra n s fo rm  th e  e le c tro d e  
impedance to  a va lue  c lo se  to  50 Ohms. The harmonic f i l t e r  
used in  th e  system i s  a lso  shown.
b i a s  s p u t t e r i n g
F ig u re  4 .1 0 . Methods of s p u t te r in g  a v a i la b le  u s in g  th e  N ordico 
system .
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4 .6  DEPOSITION OF DOPED AND UNDOPED a -  S i:H .
Two types o f specimen c o n f ig u ra t io n  were em ployed, namely 
co -  p la n a r gap c e l l s  and sandwich c e l l s .  The co -  p la n a r  geom etry 
shown in  f ig u re  4.11 was r e a l is e d  by ev ap o ra tin g  Gold o r Aluminium 
through a mask which h e ld  a th in  s t r e tc h e d  w ire a c ro ss  th e  s u r fa c e  o f 
th e  s u b s t r a te .  The c e l l  was com pleted by s p u t te r in g  a -  Si on to  the  
e le c t ro d e s .  In  some c a s e s , th e  a -  Si was d e p o s ited  onto  the  
s u b s tr a te s  f i r s t ,  fo llow ed  by th e  e le c t r o d e s ,  ( t h i s  v a r i a t io n  having 
no e f f e c t  on the  measured f ilm  p r o p e r t i e s ) . The sandw ich c e l l  
geom etry used i s  shown in  f ig u re  4 .1  and c o n s is ts  o f an a -  Si f ilm  
sandwiched between a Molybdenum bottom  c o n ta c t and an Aluminium top  
c o n ta c t .  The Molybdenum was r . f .  s p u tte re d  p r io r  to  th e  a -  Si 
d e p o s it io n , th e  Aluminium being d e p o s ited  onto the  a -  S i to  com plete 
th e  c e l l .  Both m e ta ls  were d e p o s ited  th rough  a s u i ta b ly  shaped 
in  -  c o n ta c t mask. In  o rd e r to  perform  o p t ic a l  a b so rp tio n  
m easurem ents, a -  Si f ilm s  were d e p o s ited  onto s u b s t r a te s  hav ing  no 
e le c tro d e s  f i t t e d .
Doped and undoped a -  Si were d e p o sited  u sin g  th e  same 
p o ly c ry s ta l l in e  S il ic o n  t a r g e t .  The undoped m a te r ia l  was d e p o s ite d  
d i r e c t l y  from the  S il ic o n  t a r g e t , w hile  th e  doped m a te r ia l  was 
d e p o sited  by co -  s p u t te r in g  th e  S il ic o n  w ith  a sm all p e rc en ta g e  of 
dopant m a te r ia l  d i s t r ib u te d  even ly  over th e  ta r g e t  s u r fa c e .  Antimony 
sho t was used fo r  n -  type doping and Aluminium w ire fo r  p -  ty p e . 
The dopant c o n c e n tra tio n  in  the  film s  was c o n tro l le d  by v a ry in g  the  
amount o f dopant m a te r ia l  p laced  on th e  t a r g e t .
C o r n in g  7 0 5 9  g l a s s  s u b s t r a t e
F igure  4 .1 1 . C o -p lan ar specimen geom etry.
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The d e p o s it io n  c o n d itio n s  employed fo r  p rep a rin g  bo th  doped and
undoped a -  Si were id e n t ic a l  and were s ta n d a rd is e d  to  ach ieve
c o n s is te n t  f ilm  p r o p e r t ie s .  Hydrogen and Argon p a r t i a l  p re s su re s  of A
mTorr and 11 mTorr r e s p e c t iv e ly  were u sed , the  method o f e s ta b l is h in g
and m a in ta in in g  th e se  p re s su re s  be ing  d e sc rib e d  in  s e c t io n  A .5 .2 . The
otem pera tu re  of th e  Copper s u b s t r a te  p la te  was m a in ta in ed  a t  270 C 
during  d e p o s it io n , t h i s  tem p era tu re  being  m onito red  v ia  a
Copper -  C onstantan therm ocouple connected  to  the  Copper s u b s t r a te
p la te .  No d i r e c t  measurement o f th e  g la s s  s u b s t r a te  su rfa ce
tem peratu re  was made d u ring  f ilm  grow th . 100 W atts o f r . f .  power were 
su p p lied  to  th e  ta r g e t  e le c t ro d e ,  th e  r e f le c te d  power being  m inim ised 
by a d ju s t in g  th e  impedance o f th e  m atching u n i t .  No power was 
su p p lied  to  the  s u b s t r a te  e le c tro d e  which was allow ed to  " f l o a t " .  
Under th e se  c o n d itio n s  a d .c .  b ia s  v o lta g e  in  th e  range 900 to  
1100 V olts was e s ta b lis h e d  between th e  ta r g e t  su r fa c e  and e a r th  
p o t e n t i a l .
Before commencing th e  d e p o s it io n  o f m a te r ia l  onto th e  s u b s t r a t e ,  
th e  ta r g e t  was p re sp u tte re d  fo r  around s ix  h o u rs . This was ach ieved  
by ro ta t in g  a s h u t te r  between th e  t a r g e t  and th e  s u b s t r a t e .
P re s p u tte r in g  f a c i l i t a t e d  th e  rem oval o f absorbed  im p u r i t ie s
( p a r t i c u la r ly  Oxygen), from the  s u rfa c e  o f the  t a r g e t  and from w a lls  
and f ix tu r e s  w ith in  th e  cham ber. M a te r ia l d e p o s it io n  commenced upon 
the  removal o f the  s h u t te r  and in  g e n e ra l ,  accum ulation  r a t e s  o f 
approx im ate ly  0.15 m icrons per hour were o b ta in ed  on th e  s u b s t r a t e .
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CHAPTER 5
EXPERIMENTAL APPARATUS.
In  t h i s  c h a p te r  the  equipm ent developed and used fo r  perform ing  
Time o f F l ig h t ,  Dark d .c .  C o n d u c tiv ity , S teady S ta te  and T ran s ie n t 
P h o to c o n d u c tiv ity  and O p tica l A dsorp tion  m easurem ents w i l l  be 
d is c u s s e d .
5 .1  INTRODUCTION.
In  o rd e r to  perform  th e  experim en ts l i s t e d  above over a wide 
range o f te m p e ra tu re , (b o i l in g  l iq u id  N itrogen  tem p era tu re  (77K) to  
about 500K) i t  was n e ce ssa ry  to  house th e  m a te r ia l  to  be s tu d ie d  
in s id e  an evacuated  c o n ta in e r  so th a t  i t  d id  no t " ic e  -  up" when 
lowered in  tem p era tu re  or r e a c t  w ith  th e  c o n s t i tu e n ts  o f a i r  when 
ra is e d  in  tem p e ra tu re . C onsequently , a vacuum chamber w ith  a s s o c ia te d  
pumps was th e  f i r s t  requ irem en t o f an ex p erim en ta l r i g .
Secondly, due to  the  d i f f e r in g  exp erim en ta l req u irem en ts  o f  th e  
tech n iq u es  u sed , th e  r ig  developed had to  be cap ab le  o f easy  
m o d if ic a tio n  in  o rd e r to  accommodate a l l  th e  experim ents l i s t e d  above, 
(ex c lu d in g  o p t ic a l  a b so rp tio n  which was c a r r ie d  o u t on s e p a ra te  
a p p a r a tu s ) .
At the  o n se t o f the  p ro je c t  i t  was env isaged  th a t  d r i f t  m o b il i ty  
m easurements perform ed using  th e  lim e o f F l ig h t  techn ique  would form 
the  co re  of th e  ex p erim en ta l work to  be u n d e rtak en . C onsequen tly , the
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r ig  developed was c o n s tru c te d  round th e  req u irem en ts  o f a Time of 
F l ig h t  ex p erim en t.
To f a c i l i t a t e  a d e s c r ip t io n  o f th e  com plete system , th e  equipm ent 
n e ce ssa ry  fo r  th e  Time o f F lig h t experim ent w i l l  be d isc u sse d  f i r s t ,  
follow ed by an o u t l in e  o f the  m o d if ic a tio n s  perform ed to  th e  r i g  in  
o rd e r to  accommodate th e  o th e r ex p e rim en ts .
5 .2  REQUIREMENTS OF THE TIME OF FLIGHT EXPERIMENT.
The p r a c t ic a l  requ irem en ts  fo r  th e  d e te rm in a tio n  o f  d r i f t  
m o b i l i t ie s  by th e  Time of F lig h t  tech n iq u e  have been d isc u sse d  in  
C hapter 2. E s s e n t ia l ly ,  a th in  la y e r  o f charge c a r r i e r s  must be 
g en era ted  under th e  top  e le c tro d e  in  a s u i ta b ly  shaped specim en, the  
d r i f t  o f th e se  c a r r i e r s  being m onitored  by some e x te rn a l  d e te c to r .  
Thus, having decided  to  a ttem p t such a measurement th e  form o f  th e  
e x c i ta t io n  source must be s e le c te d  and th e  g e n e ra l req u irem en ts  o f  the  
specimen examined.
In  most a p p l ic a t io n s ,  th e  means o f c a r r i e r  g e n e ra tio n  is  
im m ate ria l and th e  experim en ter i s  f r e e  to  choose e i t h e r  l i g h t  
so u rc e s , such as spark  g a p s , l a s e r s ,  l i g h t  e m ittin g  d io d e s , o r h ig h ly  
io n is in g  r a d ia t io n  such as X -  r a y s , n u c le a r  r a d ia t io n ,  o r an e le c t ro n  
beam so u rc e . Since th e  p ro d u c tio n  o f s h o r t p u lse s  o f  n u c le a r  
r a d ia t io n  i s  r e l a t i v e l y  d i f f i c u l t ,  and seems to  o f f e r  no s ig n i f i c a n t  
advantage over i t s  a l t e r n a t iv e s ,  t h i s  tech n iq u e  was n o t pursued in  the  
p re se n t s tu d y . The use o f l i g h t  p u lse s  o f f e r s  th e  advan tage  th a t  no 
complex vacuum system  i s  n e c e ssa ry . However, th e  s p e c t r a l  o u tp u t of
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the  source must be matched w ith  th e  energy  gap o f th e  m a te r ia l  under 
in v e s t ig a t io n ;  th a t  i s ,  th e  photon a b so rp tio n  le n g th  must be s h o r te r  
then  the  th ic k n e ss  o f  the  sam ple, b u t y e t n o t so s h o r t  th a t  a 
s ig n i f ic a n t  number o f c a r r i e r s  can be l o s t  due to  d i f f u s io n  to  th e  
s u r fa c e . Thus, w h ils t  l i g h t  beams may be s u i ta b le  fo r  m a te r ia ls  
having h igh  o p t ic a l  a b so rp tio n  in  th e  v i s i b l e  re g io n , more t r a n s p a r e n t  
wide band gap m a te r ia ls  m ight be d i f f i c u l t  to  exam ine.
Ihe f i r s t  m a te r ia l  s tu d ied  in  th i s  p ro je c t  was amorphous Selenium 
having an o p t ic a l  gap o f app rox im ate ly  2 .2  eV, fo llow ed by undoped 
amorphous S il ic o n  having an o p t ic a l  gap o f ap p rox im ate ly  1.7 eV. In 
o rd e r fo r  th e se  m a te r ia ls  to  meet th e  req u irem en ts  o f th e  Time o f 
F lig h t  experim ent when using  photon p u ls e s ,  i t  was c le a r  th a t  
e x c i ta t io n  w ith  r a d ia t io n  a t  th e  b lu e  end o f th e  v i s i b l e  spectrum  
(>2.8  eV) would be re q u ire d . At th a t  tim e , no equipm ent was a v a i la b le  
in  t h i s  la b o ra to ry  fo r  producing such pu lsed  r a d ia t io n  and t h i s  
approach was no t p u rsu ed . However, as th e  p ro je c t  developed , a p u lsed  
N itrogen  la s e r  which o p e ra ted  in  th e  n ea r u l t r a  -  v i o l e t  range became 
a v a i la b le .  F urtherm ore , r e s u l t s  from o p t ic a l  a b so rp tio n  had shown 
th a t  doping amorphous S il ic o n  "n" o r "p" type  reduced th e  o p t i c a l  g ap . 
Both of th ese  f a c to r s  made the  use o f l i g h t  p u lse s  a much more 
r e a l i s t i c  p ro p o s itio n  and l a s e r  io n i s a t io n  was in  f a c t  used to  
il lu m in a te  amorphous S il ic o n  in  th e  l a t t e r  p a r t  o f th e  p r o je c t .
F in a l ly ,  io n is a t io n  could be produced u sin g  an e le c t ro n  gun. A 
pu lsed  e le c tro n  gun i s  an ex trem ely  v e r s a t i l e  to o l  when used in  the  
Time o f F lig h t experim ent and o f f e r s  a number o f advan tages over o th e r  
io n is a t io n  so u rc e s . By a l t e r in g  th e  e le c t ro n  beam energy  th e
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p e n e tra t io n  dep th  can be a l t e r e d ,  which en su res  a b so rp tio n  in  a th in  
la y e r  ju s t  under the  to p  c o n tac t o f th e  specim en. The e x c i t a t io n  i s  
uniform  over the  c o n ta c t a re a  and arrangem ents can be made fo r  an 
advanced t r i g g e r  s ig n a l  so th a t  pu lsed  b ia s  f i e l d s  can be used to  
reduce sample h e a tin g  and p o la r i s a t io n  e f f e c t s .  The m ajor 
d isad v an tag e  o f th i s  techn ique  l i e s  in  i t s  r e l a t i v e  co m p lex ity , s in ce  
th e  use o f a s p e c ia l is e d  e le c tro n  gun and i t s  a s s o c ia te d  equipm ent i s  
r e q u ire d . However, th e  p ro p e r t ie s  o f th e  m a te r ia ls  to  be s tu d ie d  in  
the  i n i t i a l  s ta g e s  o f th e  p ro je c t  were s u i ta b le  fo r  e x c i t a t io n  by an 
e le c tro n  beam, and th i s  form was ad o p ted .
5 .3  DRIFT MOBILITY MEASUREMENTS USING AN ELECTRON GUN.
The fundam ental e lem ents o f th e  d r i f t  m o b ili ty  measurement 
equipment a re  shown sc h e m a tic a lly  in  f ig u r e  5 .1  and were based on the  
equipment developed by Spear ( 1 ) .  Specimens in  th e  form of th in  f ilm s  
w ith  a p p ro p r ia te  e le c tro d e s  were mounted in  a specim en h o ld e r  which 
allow ed th e  specimen tem peratu re  to  be v a r ie d  over a wide ra n g e . The 
h o ld e r assem bly was s i tu a te d  in s id e  an e le c tro n  gun , th e  pu lsed  
o p e ra tio n  o f which was c o n tro l le d  by th e  gun e l e c t r o n i c s . O v era ll 
c o n tro l o f th e  experim ent was p rov ided  by a number o f in te rc o n n e c te d  
p u lse  g e n e ra to r s ,  which provided t r ig g e r in g  fo r  th e  gun e le c t r o n i c s ,  
th e  p u lsed  b ia s  f i e ld  and th e  d e te c t io n  netw ork . Ihe d e te c t io n  
netw ork c o n s is te d  e i th e r  o f a s to ra g e  o s c i l lo s c o p e ,  o r a t r a n s ie n t  
a n a ly se r  lin k e d  th rough a m icrocom puter to  th e  C o lle g e 's  main frame 
com puter. Ihe main elem ents o f th e  measurement equipm ent w i l l  be
d esc rib ed  in  d e t a i l  below
F igure  5 .1 . Schem atic diagram  o f d r i f t  m o b ility  m easurement 
equipm ent used in  t h i s  s tu d y .
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5 .3 .1  SPECIMEN HOLDER.
The specimen h o ld e r employed fo r  th i s  work i s  shown in  f ig u re
5 .2 . The h o ld e r perm its  the  specim en tem p era tu re  to  be c o n tin u o u s ly  
v a r ie d  over th e  range 100K to  500K. Ihe specim en, on i t s  s u b s t r a te ,  
was h e ld  in  p o s i t io n  on a shaped b ra s s  b lock  by a smear o f e i t h e r  
S ilic o n e  g rea se  o r s i l v e r  p a i n t , depending upon th e  tem p era tu re  range 
to  be in v e s t ig a te d .  The b lock  was secu red  to  a b ra s s  bobb in , 
non -  in d u c tiv e ly  wound w ith  C onstantan  w ire  to  form a h e a tin g  c o i l .  
Using tu b u la r  w ashers as sp a c e rs , th e  bobbin assem bly was secu red  to  a 
copper b a r by means o f th re e  3 B.A. screw s w ith  the  sm all gap between 
th e  bobbin and th e  b a r p rov id in g  a p a th  o f low therm al conductance 
between th e  two. The copper b a r was p a r t i a l l y  shrouded by a s t a i n l e s s  
s t e e l  tu b e , and a b ra ss  p la te  so ld e red  to  th e  o u ts id e  o f th e  s t a i n l e s s  
s t e e l  tube p e rm itted  th e  h o ld e r assem bly to  be connected  to  th e  
specimen chamber o f the  e le c tro n  gun. By subm ersing th e  end o f th e  
copper b a r in  a b a th  o f l iq u id  N itro g en , th e  tem p era tu re  o f th e  b ra s s  
b lock  could  be reduced , w h ils t  th e  low therm al conductance o f th e  
s ta in le s s  s t e e l  tube  m inim ised co o lin g  o f th e  o u te r  e le c t r o n  gun 
chamber.
Seven vacuum -  sea led  b .n .c .  te rm in a l co n n ec to rs  were mounted on 
the  b ra ss  p l a t e ,  to  p rovide c u r re n t  fo r  th e  h e a tin g  c o i l ,  to  make 
c o n tac t w ith  the  specimen and fo r  connec ting  to  th e  tem p era tu re  
se n so r . Ttoo specimen le ad s  were d ire c te d  from th e se  te rm in a ls  to  the  
specimen by c o i l in g  the  le ad s  a number o f tim es round th e  copper ro d , 
then  feed ing  them th rough  the  c e n te r  o f th e  h e a te r  b o b b in . Thin w ires
F igure  5 .2 . Specimen h o ld e r .
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were a tta c h e d  between the  ends o f  th e  le a d s  and th e  specimen u sin g  a 
s i l v e r  p a in t su sp en sio n . By t h i s  m ethod, a p a th  o f v e ry  low therm al 
conductance was ensured  between th e  specim en and the  e x te rn a l  le a d s .
The specimen tem peratu re  was c o n tro l le d  u sing  an Oxford 
In strum en ts  th re e  term  c o n t r o l le r  ( ty p e  DTC-2)• The c o n t r o l l e r  was 
connecto r to  th e  h e a te r  c o i l  and to  a sm all P latinum  re s is ta n c e  
therm om eter elem ent mounted in s id e  th e  b ra s s  b lo c k . The c o n t r o l l e r  
allow ed th e  specimen tem pera tu re  to  be c o n tro l le d  over th e  range 100K 
to  300K w ith  an accuracy  o f  +0.1 K e lv in . For tem p era tu res  between 
300K and 500K th e  specimen tem p era tu re  was m onito red  v ia  the  P latinum  
r e s is ta n c e  therm om eter lin k e d  to  a Comark d i g i t a l  therm om eter (ty p e  
5000). In  th i s  l a t t e r  c o n f ig u ra tio n  th e  h e a te r  c u r re n t was c o n tro l le d  
m anually  v ia  a 30 V o lt, 1 Amp d .c .  power su p p ly .
Thermal and e l e c t r i c a l  s h ie ld in g  o f th e  specimen were p rov ided  by 
a b ra ss  sh e a th . The e le c tro n  beam passed  th rough  a sm all h o le  in  th e  
sh e a th .
5 .3 .2  ELECTRON GUN.
The e le c tro n  gun c o n s tru c tio n  and i t s  e l e c t r i c a l  c o n f ig u ra tio n  
a re  shown in  f ig u re  5 .3 . The cathode was a d i r e c t l y  -  h eated  TUngsten 
w ire , powered from an audio  a m p lif ie r  d r iv e n  th rough  a h igh  te n s io n  
(H .T .) i s o la t io n  tra n s fo rm e r. The l a t e r a l  and v e r t i c a l  p o s i t io n  o f 
the  f i la m e n t, w ith  re sp e c t to  th e  m odu la tion  g r id ,  were e a s i ly  
a d ju s ta b le ,  a llow ing  the f ila m e n t to  be c o r r e c t ly  p o s itio n e d  in  th e  
immersion f i e ld  o f th e  g r id  system . The cathode was h e ld  in  th e  " o f f"
F igure  5 .3 . E lec tro n  gun c o n f ig u ra tio n .
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s t a t e  by a f ix e d  p o s i t iv e  b ia s  o f +56 V o lts  r e l a t iv e  to  th e  c a s in g  of 
th e  H.T. s e c tio n  o f th e  gun. The m odu la tion  g r id  was d r iv e n  v ia  a 
feed  -  through in  th e  s id e  of th e  gun, w ith  a 75JL r e s i s t o r  connected  
between the  g r id  and th e  case to  p ro v id e  c o r r e c t  te rm in a tio n  o f the  
d r iv e  p u ls e . Due to  th e  p resen ce  o f th i s  r e s i s t o r ,  th e  g r id  was 
norm ally  a t  the  cas in g  p o te n t i a l ,  so th a t  i t s  n e g a tiv e  b ia s  w ith  
re s p e c t to  the  cathode h e ld  th e  gun in  th e  " o f f"  s t a t e .  A 
s u f f i c i e n t ly  la rg e  p o s i t iv e  p u lse  on th e  g r id  served  to  sw itch  the  
e le c tro n  beam on. The anode e le c tro d e  was h e ld  a t  a p o te n t i a l  of 
about +350 V olts  w ith  re sp e c t to  th e  cathode  and served  to  s t a b i l i s e  
the  o p e ra tio n  o f th e  gun. The e le c t r o n  beam was focused  by means of 
an a d ju s ta b le  m agnetic c o i l ,  which a ls o  allow ed c o n tro l o f th e  beam 
p o s it io n  r e l a t i v e  to  th e  specim en.
5 .3 .3  GUN ELECTRONICS.
The e le c tro n  gun e le c t r o n ic s  can be d iv id ed  in to  two s e c t io n s ;  
th e  h igh  te n s io n  (H .T .) e le c t r o n ic s  and th e  low te n s io n  (L .T .)  
e le c t r o n ic s .  The H.T. e le c t r o n ic s  were mounted on an in s u la te d  
board , housed w ith in  a sh ie ld e d  m eta l box . The H.T. e le c t r o n i c s  and 
the  L .T . e le c t ro n ic s  were e l e c t r i c a l l y  i s o la te d  by means o f s u i ta b ly  
ra te d  tran sfo rm ers  and c a p a c i to r s . A diagram  o f th e  equipm ent i s  
shown in  f ig u re  5 .4 .
The e le c tro n  gun a c c e le r a t in g  p o te n t ia l  was su p p lie d  by a 
Brandenburg 695P h igh  v o lta g e  g e n e ra to r ,  which was a d ju s ta b le  in  th e  
range 4 to  15 kV. Ih is  ad justm en t prov ided  a s u i ta b le  means fo r
H.T. i s o l a t i o n
L.T. o s c i l l a t o r  
a n d  a m p l i f  i e r
+ 56 p u l s e d  [ 5 0 0 1 1
-------- ►
7
H.T. e a r t h  c o n t i n u o u s
f  i l a m e n t  
(0-151)
f i l a m e n t  s u p p l y
L.T. p u l s e  g r i d  t r i g g e r
g e n e r a t o r  c i r c u i t
d e l a y  l i n e s  
10 n s  -  10^ j s  
\ [
, 1 8 0 V
g r i d  d r i v e  p u l s e  c i r c u i t
F igu re  5 .4 . E le c tro n  gun e le c t r o n i c s .
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a l t e r in g  th e  e le c tro n  beam p e n e tr a t io n  d e p th . The +56 V olt f ilam e n t 
b ia s  p o te n t ia l  was d e riv ed  from th e  c i r c u i t r y  powering th e  
Brandenburg. From a secondary 600 V olt peak to  peak Brandenburg 
o u tp u t, th e  +360 V olt anode p o te n t ia l  was o b ta in e d . An ILP -  HY50 
audio  a m p lif ie r  d riv e n  th rough an H.T. i s o la t io n  tra n s fo rm e r was used 
to  power th e  f i la m e n t.  The audio  a m p lif ie r  was e x c ite d  by th e  Wien 
Bridge o s c i l l a t o r  shown in  f ig u re  5 .5 ,  o p e ra tin g  a t  a frequency  of 12 
kHz. The in te n s i ty  o f th e  e le c tro n  beam could  be v a r ie d  by a l t e r in g  
th e  tem pera tu re  o f th e  f i la m e n t, t h i s  being  ach ieved  by c o n tro l l in g  
th e  am plitude o f th e  s ig n a l  in je c te d  in to  th e  HY -  50 a m p lif ie r  using  
a s u i ta b le  p o te n tio m e te r .
The form at o f th e  e le c tro n  beam, e i t h e r  p u lsed  o r c o n tin u o u s , was 
c o n tro lle d  by means o f  a 500JL r e s i s t o r  connected in  p a r a l l e l  w ith  
th e  f ilam e n t w ire . This r e s i s t o r  had a " ta p "  a v a i la b le  a t  i t s  mid 
p o in t ,  which was sw itch ab le  betw een the  +56 V olt f ila m e n t p o te n t ia l  
and H.T. e a r th .  With H.T. e a r th  connected  to  th e  ta p  th e  gun was 
b ia sed  "o n " , and provided  a co n tin u o u s e le c tro n  beam. This s e t t in g  
was used fo r  a c c u ra te ly  fo cusing  th e  e le c tro n  beam onto th e  top  
c o n ta c t o f th e  specim en. With th e  +56 V olt p o te n t ia l  connected  to  th e  
t a p , th e  gun was b ia se d  " o f f " , and could  on ly  be a c t iv a te d  by the  
a p p l ic a t io n  o f a s u i ta b le  v o lta g e  p u ls e , ( l a r g e r  than  +56 V o l ts ) ,  to  
th e  g r id .  This d r iv e  p u lse  was p rov ided  by means o f th e  gun t r i g g e r  
c i r c u i t  which was d riv e n  from an L .T . p u lse  g e n e ra to r  th rough  a sm all
H.T. c a p a c ito r
R
AAMA'
R = 1 k £  C = 10  n F  V = 15 V f  = 12 kH z
F ig u re  5 .5 . Wien B ridge o s c i l l a t o r .
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During the  developm ent o f th e  equipm ent, two methods fo r  
g e n e ra tin g  th e  gun d r iv e  p u lse  were in v e s t ig a te d ,  th e se  being  c i r c u i t s  
based on th e  avalanche t r a n s i s t o r ,  f ig u re  5 .6 , and th e  t h y r i s t o r ,  
f ig u re  5 .7 .  A le n g th  o f d e la y  l i n e ,  ( e i t h e r  c o a x ia l o r lum ped), was 
charged th rough  a 330 kiL r e s i s t o r  from th e  +350 V olt anode p o t e n t i a l .  
The o u tp u t o f th e  t r i g g e r  c i r c u i t  was te rm in a ted  in  a 75JL r e s i s t o r  
which was connected between th e  g r id  o f th e  e le c tro n  gun and H. T. 
e a r th .  By c a re fu l  impedance m atch in g , (a  l in e  impedance o f 75SL was 
used fo r  a l l  th e  p u lse  c i r c u i t r y ) ,  i t  was p o s s ib le  to  m inim ise the  
d i s to r t i o n  and r e f l e c t io n  o f f a s t  p u lse s  in  th e  system . By su pp ly ing  
a d r iv e  p u lse  to  th e  a c t iv e  elem ent o f th e  t r i g g e r  c i r c u i t ,  th e  d e lay  
l in e  was d isch arg ed  to  H.T. e a r th ,  supp ly ing  th e  n e c e ssa ry  p u ls e  to  
th e  g r id  of th e  e le c tro n  gun . The d u ra tio n  o f th e  p u lse  was 
determ ined  by the  le n g th  o f th e  d e lay  l i n e ,  which gave ap p ro x im a te ly  
1 0  ns p e r m e te r . Ihe minimum p u lse  d u ra tio n  was s e t  by th e  tu rn  on 
tim e o f th e  a c t iv e  d e v ic e . A " tu rn  on" tim e o f ap p ro x im ate ly  60 ns 
could  be achieved  w ith  th e  t h y r i s t o r  w h ile  the  avalanche t r a n s i s t o r  
could " tu rn  on" in  le s s  than  10 n s .
The avalanche t r a n s i s t o r s  used were found to  be in c a p a b le  of 
h and ling  p u lse s  of d u ra tio n  lo n g e r  th an  about 100 n s ,  due to  in te r n a l  
h e a tin g  a t  th e  dev ice  ju n c t io n s .  The th y r i s to r s  on th e  o th e r  hand 
could w ith s tan d  a much la r g e r  average c u r r e n t .  I t  was th e re fo re  
decided to  use th e  t h y r i s to r  c i r c u i t  fo r  g e n e ra tin g  d r iv e  p u ls e s  of 
d u ra tio n  lo n g e r than  100 ns and th e  avalanche t r a n s i s t o r  c i r c u i t  fo r  
producing p u lses  s h o r te r  than  100 n s .
+ 3 62  V
o /p
p u l s e
F igu re  5 .6 . Avalanche t r a n s i s t o r  c i r c u i t .
+ 3 6 2  V
o /p
p u l s e
F igu re  5 . 7 .  T h y r is to r  c i r c u i t .
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5 .3 .4  DETECTION EQUIPMENT
The equipment used fo r  d e te c t in g  "Time o f F lig h t"  p u ls e s  was 
c o n tro l le d  by means o f th re e  p u lse  g e n e ra to r s ,  and i s  shown 
sc h e m a tic a lly  in  f ig u re  5 .8 . The tim e r e la t io n s h ip  betw een th e  
a p p lie d  f i e l d ,  th e  e le c tro n  bombardment and th e  d e te c t io n  netw ork 
t r i g g e r  p u lse s  i s  shown in  f ig u re  5 .9 .  Ihe purpose o f th e  pu lsed  
f i e l d  i s  to  m inim ise th e  e f f e c t  o f space charge accu m u la tio n , and 
Jo u le  h e a tin g  w ith in  th e  specim en.
The s im p le s t method o f d e te c t in g  t r a n s i t  p u lse s  invo lved  th e  use 
o f a s to ra g e  o s c il lo sc o p e  connected  to  th e  bottom  c o n ta c t o f the  
specim en. G en era lly , th e  specimen and lead  c ap a c itan c e  (-100  pF) 
combined w ith  the  in p u t r e s is ta n c e  o f th e  o s c il lo sc o p e  (1 MjL) 
p rovided  a c i r c u i t  tim e c o n s ta n t which was s u f f i c i e n t l y  long to  e f f e c t  
in te g r a t io n  o f th e  c u rre n t p u ls e .  Such in te g ra te d  c u r re n t  p u lse s  
prov ided  a s a t i s f a c to r y  means o f m easuring th e  t r a n s i t  tim e when the  
c a r r i e r  t r a n s p o r t  was c o n v e n tio n a lly  d is p e r s iv e  (se e  f ig u re  5 .1 0 ) ,  bu t 
w ith  th e  o n se t o f anomalous d is p e r s io n ,  a non -  in te g ra te d  c u r re n t  
p u lse  was d e s ir a b le  in  o rd e r to  o b ta in  th e  t r a n s i t  tim e . F u rtherm ore , 
i f  a d e ta i le d  a n a ly s is  o f th e  shape o f the  t r a n s i t  p u lse  was to  be 
c a r r ie d  o u t ,  t h i s  could o n ly  be ach ieved  by s tu d y in g  the  
non -  in te g ra te d  c u rre n t p u ls e .
In  o rd e r to  o b ta in  such non -  in te g ra te d  c u rre n t p u ls e s , th e  tim e 
c o n s ta n t o f the  d e te c tio n  netw ork had to  be reduced . Since on ly  a 
m arg inal re d u c tio n  in  the  c a p a c ita n c e  could be o b ta in ed  by sh o rte n in g  
cab le  le n g th s  e t c . ,  a s ig n i f i c a n t  re d u c tio n  in  th e  c i r c u i t  time
F igu re  5 .8 . D e tec tio n  netw ork.
s p e c i m e n f i e l d  p u l s e
g u n  d r i v e  p u l s e
d e t e c t i o n n e t w o r k  t r i g g e r
Figure 5.9. Time relationship between the detection
network circuit pulses.
F ig u re  5 .1 0 . D eterm ination  o f  t r a n s i t  tim e from in te g r a te d  
c u r re n t  p u ls e .
105i2 .
F ig u re  5 .1 1 . C urren t a m p l i f ie r .
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c o n sta n t was on ly  o b ta in a b le  by reduc ing  th e  e f f e c t iv e  in p u t 
r e s is ta n c e  o f th e  d e te c t io n  netw ork . This cou ld  be ach ieved  in  one o f 
two ways. F i r s t l y ,  th e  in p u t o f th e  d e te c t io n  netw ork cou ld  be 
shunted by a sm all v a lu e  v o lta g e  sam pling r e s i s t o r  ( l e s s  th an  1 MJL) • 
A lte rn a t iv e ly ,  a p re  -  a m p lif ie r  w ith  a v e ry  low in p u t r e s is ta n c e  
(c u r re n t  a m p lif ie r )  cou ld  be in s e r te d  in  p lace  o f th e  sam pling 
r e s i s t o r .  P rovided th a t  th e  a m p lif ie r  used had a s u f f i c i e n t l y  wide 
frequency re sp o n se , th e  l a t t e r  ch o ice  was much more d e s i r a b le .  Using 
a sh u r t r e s i s t o r  reduced th e  in p u t r e s is ta n c e  o f th e  d e te c t io n  netw ork 
b u t a lso  r e s u l te d  in  a re d u c tio n  o f th e  s ig n a l  am plitude  and a 
d e g rad a tio n  o f th e  s ig n a l  -  to  -  n o ise  r a t i o .  Using a c u r re n t  
a m p lif ie r ,  la rg e  s ig n a ls  could  be o b ta in ed  which were s u i t a b le  fo r  
a n a ly s is .  The c u r re n t  a m p lif ie r  shown in  f ig u r e  5.11 was em ployed.
5 .4  COMPUTER ANALYSIS OF PULSE SHAPE.
I t  has been suggested  in  many p u b l ic a t io n s  over re c e n t y ears  
(1 -5 ) th a t  a d e ta i le d  a n a ly s is  o f th e  shape o f th e  c u r re n t  p u lse  
ob ta in ed  from th e  Time of F l ig h t  experim ent can y ie ld  u s e fu l  
in fo rm atio n  about th e  d i s t r ib u t io n  o f  lo c a l i s e d  s t a t e s  in  th e  m o b il i ty  
gap of amorphous sem iconducto rs . C onsequently , one o f th e  aims of 
th i s  p ro je c t  was to  b u ild  a system , u sin g  a d i g i t a l  com puter, to  
an a ly se  ex p erim en ta l d a ta  o b ta in ed  from th e  Time o f F l ig h t  ex p erim en t. 
A b lock  diagram  of the  system c o n s tru c te d  i s  shown in  f ig u re  5 .1 2 , and 
i t s  c o n s t i tu e n t  p a r ts  a re  d iscu ssed  below.
t r a n s i t  p u l s e
( v o l t a g e  i / p )
t r i g g e r
p u l s e
DL 905 m i c r o  -
s e r i a l
m a i n
t r a n s i e n t
p a r a l l e l
c o m p u t e r f r a m e
r e c o r d e r
l i n k l i nk
c o m p u t e r
g r a p h i c s
o u t p u t
F igu re  5 .1 2 . Microcomputer c o n tro l le d  t r a n s i t  p u lse  a n a ly s is  system .
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5 .4 .1  THE DATALAB DL905 TRANSIENT RECORDER.
The D atalab  DL905 t r a n s ie n t  re c o rd e r  (DL905) i s  an in s tru m en t 
capab le  o f s to r in g  a waveform in  d i g i t a l  form , in  1024, 8 b i t  w ords. 
In fo rm ation  can be clocked in to  th e  r e c o r d e r 's  memory a t  r a t e s  up to  
5 MHz. T h e re fo re , co n secu tiv e  sam ples of a waveform can be tak en  a t  
time in te r v a l s  rang ing  upwards from 200 n s . Once s to r e d ,  t h i s  d a ta  
may be t r a n s fe r r e d  from the  DL905 to  o th e r  in s tru m en ts  v ia  a v a r ie ty  
o f p re  -  s e le c te d  in te r f a c e s .  In  th e  system  d esig n ed , d i g i t a l  
in fo rm atio n  in  p a r a l l e l  form was t r a n s f e r r e d  to  a m icrocom puter under 
"Handshake" c o n t r o l .
When com puter a n a ly s is  o f a c u r re n t  p u lse  was r e q u ir e d ,  the  
ou tpu t o f th e  c u r re n t  a m p lif ie r  was sw itched  to  the  in p u t o f the  
DL905. The DL905 has s ig n a l  in p u t c h a r a c t e r i s t i c s  s im i la r  to  th o se  of 
an o sc il lo sc o p e  ( i . e .  in p u t r e s i s ta n c e  1 MJL, in p u t c a p a c ita n c e  
48 p F ).
5 .4 .2  THE NASCOM I I  MICROCOMPUTER.
The C o lle g e 's  Dec -  System -  20 (Dec -  20) main fram e com puter i s  
capab le  o f d isp la y in g  and a n a ly s in g  t r a n s i t  p u lse s  o b ta in ed  from the  
Time o f F lig h t  ex p erim en t. However, in  o rd e r  to  use th e se  f a c i l i t i e s ,  
t r a n s i t  p u lse s  in  the  form of d i g i t a l  d a ta  had to  be t r a n s f e r r e d  from 
the  DL905 to  th e  Dec -  20. No s u i ta b le  in te r f a c e  between th e  DL905 
and the  Dec -  20 could be o b ta in ed  com m ercially , so i t  was n e c e ssa ry  
fo r  one to  be designed  and c o n s tru c te d . The in te r f a c e  developed was
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based on the  Nascom I I  M icrocom puter (Nascom ), and once com pleted had 
many u s e fu l f a c i l i t i e s .
In  o rd e r  to  in te r f a c e  between th e  DL905 and th e  Dec -  20, th re e  
b a s ic  fu n c tio n s  were re q u ire d  o f th e  Nascom.
( 1 )  . The Nascom had to  "make c o n ta c t"  w ith , and " ta lk "  to  the  
Dec -  20 in  a manner s im ila r  to  th a t  employed by a s tan d a rd  v ideo  
d is p la y  u n i t  (V .D .U .). This was n e c e ssa ry  in  o rd e r  to  s e t  the  
Dec -  20 in to  a s t a t e  s u i ta b le  fo r  a c c e p tin g  d a ta  from the  Nascom.
( 2 )  . The Nascom had to  be capab le  o f lo ad in g  d a ta  from memory o f  th e  
DL905, in to  i t s  own re s id e n t  memory.
( 3 )  . The Nascom had to  be capab le  o f t r a n s f e r r in g  th e  c o n te n ts  o f i t s  
memory, in to  an opened d a ta  f i l e  in  memory o f th e  Dec -  20.
The p rocedu res used to  accom plish  th e  above ta sk s  w i l l  be 
d esc rib ed  below .
( 1 ) .  The s tan d a rd  V.D.U. te rm in a l a t  Dundee C ollege o p e ra te s  as 
fo llo w s: when a key i s  dep ressed  on th e  keyboard , the  symbol s e le c te d
i s  c o n s tru c te d  in  ASC I I  code and tra n s m itte d  down an RS 232 in te r f a c e  
to  th e  Dec -  20. In acknowledgment o f re c e p tio n  o f t h i s  t ra n s m it te d  
c h a r a c te r ,  an id e n t ic a l  c h a ra c te r  i s  s e n t by th e  Dec -  20, to  the  
V.D.U., along th e  RS 232 in t e r f a c e ,  t h i s  r e f le c te d  c h a ra c te r  ap p ea rin g  
on the  V.D.U. s c re e n . I f  the  tra n s m itte d  c h a ra c te r  i s  no t re co g n ised  
by the  Dec -  20, a d e fa u l t  symbol i s  re tu rn e d . In  o rd e r  to
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communicate w ith  th e  Dec -  20, the  Nascom had to  mimic th e  above 
o p e ra t io n s . This was ach ieved  using  th e  Nascom's r e s id e n t  RS 232 
in te r f a c e  c o n tro l le d  by th e  machine code program l i s t e d  in  Appendix I .  
The o p e ra tio n  o f t h i s  V.D.U. mimic program i s  i l l u s t r a t e d  by th e  flow  
diagram  shown in  f ig u re  5 .1 3 .
( 2 ) .  The in te r f a c e  between th e  Nascom and th e  DL905 (shown in  f ig u re  
5 .14 ) tra n s m itte d  d a ta  v ia  an 8 -  b i t  ( 1  word) p a r a l l e l  channel under 
the  d i r e c t io n  o f fo u r c o n tro l l i n e s . The Nascom communication was v ia  
a P a r a l l e l  Inpu t -  Output ch ip  ( P .1 .0 . )  which was an in te g r a l  p a r t  o f 
the  m icro -  com puter. The P .1 .0  was programmed in to  a c o n f ig u ra t io n  
having the  re q u ire d  number of in p u t and o u tp u t l in e s  n e c e ssa ry  fo r  the  
t r a n s f e r  ta s k .
To i n i t i a t e  d a ta  t r a n s f e r ,  th e  DL905 in te r f a c e  board  was 
a c t iv a te d  by s e t t in g  th e  DIGITAL OUTPUT ENABLE l in e  h ig h . The DIGITAL 
OUTPUT REQUEST l in e  was a lso  s e t  h ig h  to  a c t i v a te  the  c lo ck  p u lse s  
w ith in  th e  in te r f a c e  board of th e  DL905. In  o rd e r  to  o b ta in  d a ta  from 
the  DL905 th e  WORD REQUEST l in e  was p u lsed  h ig h  fo r  a tim e n o t le s s  
than  200 n s .  On th i s  command, d a ta  from memory o f th e  re c o rd e r  was 
la tc h e d  onto th e  8 -  b i t  p a r a l l e l  d a ta  l i n e s . Once t h i s  d a ta  had 
s t a b i l i s e d  ( a f t e r  a tim e o f  about 100 ns) th e  DATA READY l in e  was s e t  
h igh  by th e  DL905 to  in d ic a te  to  th e  re c e iv in g  dev ice  th a t  d a ta  was 
a v a ila b le  fo r  t r a n s f e r .  A fte r th e  d a ta  had been re a d , In  th i s  case  by 
the  Nascom, th e  WORD REQUEST l in e  was ag a in  p u lsed  h ig h . Ih is  r e s e t  
the  DATA READY l in e  low, and allow ed the  n ex t word o f d a ta  from the 
memory of th e  re c o rd e r  to  be la tc h e d  onto  th e  d a ta  l i n e s .  Ib is  
in fo rm atio n  was ag a in  read  by the  Nascom once th e  DATA READY l in e  had
Figure 5.13. Operation of V.D.U. mimic program.
D L  9 0 5  
t r a n s i e n t  
r e c o r d e r
8 - b i t  d a t a  l i n e s
w o r d  r e q u e s t
►
d a t a  r e a d y
d j g i t a l  o u t p u t  r e q u e s t  
d i g i t a l  o u t p u t  e n a b l e
N a s c o m
m i c r o c o m p u t e r
F ig u re  5 .1 4 . DL905 -  Nascom in te r f a c e  l i n e s .
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gone h ig h . The p ro cess  was rep ea ted  u n t i l  th e  com plete memory o f the  
DL905 (1024 words) had been t r a n s f e r r e d  to  the  Nascora.
The so ftw are  used to  c o n tro l t h i s  d a ta  t r a n s f e r  i s  shown in  
Appendix I ,  and th e  o p e ra tio n  o f th e  program i s  i l l u s t r a t e d  in  th e  
flow  c h a r t  shown in  f ig u r e  5 .1 5 .
(3 )•  The f i n a l  ta sk  o f  th e  Nascom was to  t r a n s f e r  th e  in fo rm a tio n  
re c e iv e d  from th e  DL905, to  a d a ta  f i l e  w ith in  th e  Dec -  20. As 
p re v io u s ly  m entioned , th e  in te r f a c e  between a V.D.U. (o r  Nascom) and 
th e  Dec -  20 o p e ra te s  by t r a n s m it t in g  and re c e iv in g  c h a ra c te rs  in  
s e r i a l  ASC I I  code. The d a ta  s to re d  in  Nascom, however, was in  
8 -  b i t  b in a ry  form , and re q u ire d  co n v ersio n  in to  Asc I I  code p r io r  to  
tra n sm is s io n . This was achieved  in  a two s te p  p ro c e ss . F i r s t l y ,  th e  
b in a ry  code was converted  in to  two hexadecim al c h a r a c te r s ,  and 
seco n d ly , th e  hexadecim al c h a ra c te rs  were con v erted  in to  Asc I I  code. 
(F or exam ple, th e  8 -  b i t  b in a ry  code 10101001 would be con v erted  in to  
th e  hexadecim al code C9, th e  two hexadecim al c h a ra c te rs  C and 9 being  
converted  in to  th e  ASC I I  codes 43 and 39 r e s p e c t iv e ly .  F in a lly  th e se  
ASC I I  codes would be sen t to  th e  RS 232 in te r f a c e  fo r  tra n sm iss io n  to  
th e  Dec -  2 0 ).
The Dec -20  had to  be s u i ta b ly  programmed in  o rd e r  to  accep t d a ta  
s e n t by the  Nascom. F urtherm ore , th e  so ftw are  o p e ra tin g  in  th e  
Dec -  20 had to  run in  un ison  w ith  th e  so ftw are  o p e ra tin g  in  the  
Nascom. This was e s s e n t i a l  in  o rd e r  to  syn ch ro n ise  th e  d a ta  t r a n s f e r .  
B efore th e  re le v a n t  programs a re  d is c u s s e d , th e  d a ta  form at adopted  
fo r  the  t r a n s f e r  o p e ra tio n  w i l l  be d e sc r ib e d .
(
d a t a  t r a n s f e r  
r o  u t i n  e
Figure 5.15. DL905 - Nascom data transfer routine.
Page 140
The d a ta  form at adopted was th a t  developed by th e  I n t e l  company, 
namely "S tandard  I n t e l  Form at". Shown below a re  r e p r e s e n ta t iv e  d a ta  
co n fig u red  in  th a t  fo rm a t. I t  should  be no ted  th a t  a l l  th e  symbols 
a re  in  hexadecim al n o ta t io n .
:10100000112233445566778899AABBCCDDEEFF3B
The f i r s t  c h a ra c te r  i s  a co lon  in d ic a t in g  th e  s t a r t  o f a l i n e .  The 
n ex t two symbols ( 1 0 ) in d ic a te  th e  number o f memory lo c a t io n s  th a t  a re  
re p re se n te d  in  th e  l in e  o f in fo rm a tio n  ( in  t h i s  case  s ix te e n ) .  The 
n ex t fo u r c h a ra c te rs  sp e c ify  th e  lo c a t io n  in  memory where th e  f i r s t  
d a ta  word has been o b ta in ed  from ( in  t h i s  case  memory lo c a t io n  1000 
H ex .). Hie n ex t two c h a ra c te rs  a re  used as a b u f f e r  and have no 
num erical s ig n i f ic a n c e .  The fo llo w in g  s ix te e n  p a i r s  o f c h a r a c te r s  a re  
th e  c o n te n ts  o f th e  memory lo c a t io n s  commencing a t  th e  p re v io u s ly  
s p e c if ie d  a d d re s s . The f i n a l  two symbols a re  a checksum. The 
checksum i s  g en era ted  by adding to g e th e r ,  in  hexadecim al form , a l l  th e  
in fo rm atio n  p re s e n t in  the  l in e  (ex c lu d in g  the  checksum ). The t o t a l  
o f th i s  a d d it io n  (n e g le c tin g  overflow ) i s  tra n s m itte d  a t  th e  end of 
th e  d a ta  l in e  and p ro v id es  a means o f  checking the  v a l i d i t y  o f th e  
tra n s m itte d  d a ta .
The flow  diagram  shown in  f ig u r e  5.16 i l l u s t r a t e s  th e  o p e ra tio n  
o f th e  programs developed bo th  fo r  th e  Nascom and fo r  th e  Dec -  20. 
In sp e c tio n  of th e se  flow  diagram s re v e a ls  th a t  b o th  programs a re  
in te r l in k e d  and run  to g e th e r ,  perform ing  one o v e ra l l  t a s k .  The 
" lo ck in g "  o f the  programs i s  ach ieved  by sending  s u i ta b le  c o n tro l  
c h a ra c te rs  between th e  Nascom and th e  Dec -  20. L is t in g s  o f  th e
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w r i t e  r o u t i n e
g e t  l i m i t s  o f  m e m o r y  
t o  b e  s e n t
g e t  n a m e  o f  f i l e  
t o  b e  c r e a t e d
i
s t a r t  p r o g r a m  in 
D E C -  2 0  r u n n i n g
s e n d  n a m e  o f  
f i l e  t o  b e  u s e d
h a s  b e e n  
r e c e i v e d
l y e s
y e s
s e n d  f i n a l  l i n e  
" : 0 0 0 0 0 "
c o n v e r t  m e m o r y  a n d  
s e n d  t o  D E C - 2 0
h a s  a l l  m e m o r y  
b e e n  s e n t
r e c e i v e  r o u t i n e
Z  , .1..:  ZZ
g e t  n a m e . o f  f i l e  
t o  b e  o p e n e d
j  s e n d  t o  N a s c o m
i n p u t  l i n e  
o f  d a t a
a r e  f i r s t  t h r e e  
c h a r a c t e r s  o f  l i n e
n o
Figure 5.16. Nascon -  Dec System 20 data transfer routine.
Page 141
Nascom and th e  Dec -  20 so ftw are  a re  g iv en  in  Appendix I  and Appendix 
I I  r e s p e c t iv e ly .
5 .4 .3  THE DEC -  20 ANALYSIS ROUTINES.
At th i s  s ta g e  in  th e  developm ent o f th e  com puter a n a ly s is  system , 
th e re  e x i s t s  a d a ta  f i l e ,  co n fig u red  in  s tan d a rd  I n t e l  fo rm a t, in  
memory o f th e  Dec -  20. The rem ain ing  req u irem en ts  o f th e  Dec -  20 
can be s p l i t  in to  two s e c t io n s .  F i r s t l y ,  th e  d a ta  f i l e  in  I n t e l  
form at must be converted  from hexadecim al form in to  a l i s t  o f decim al 
numbers s u i ta b le  fo r  use in  a s ta n d a rd  F o r tra n  program . Secondly, 
th e se  d a ta  must be p lo t te d  bo th  on l i n e a r  axes o f s ig n a l  am plitude  
v e rsu s  tim e , and on lo g a rith m ic  axes o f log  ( s ig n a l  am p litu d e ) v e rsu s  
log  ( t im e ) .
C onsider f i r s t l y  th e  ta sk  o f co n v e rtin g  th e  d a ta  f i l e  in  I n te l  
form at in to  a l i s t  o f decim al num bers. This was ach ieved  u s in g  the  
program l i s t e d  in  Appendix I I I .  Ihe program o p e ra te s  by in te r r o g a t in g  
th e  hexadecim al d a ta  f i l e  l in e  by l i n e .  I t  s t r i p s  th e  le a d e r  
in fo rm atio n  from the  s t a r t  of th e  l i n e  ( i . e  the  c o lo n , s t a r t  o f l in e  
add ress and b u f fe r )  and from th e  end o f th e  l in e  ( i . e .  th e  checksum ). 
The program s e le c ts  the  rem aining d a ta  in  p a ir s  o f hexadecim al numbers 
co n v ertin g  them in to  decim al num bers. The decim al numbers a re  e n te red  
s e q u e n t ia l ly  in to  a newly c re a te d  d a ta  f i l e ,  th e  p ro cess  being  
rep ea ted  u n t i l  a l l  the  in fo rm atio n  has been converted  and s to r e d .
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The re q u ire d  graphs were p lo t te d  u sin g  th e  F o r tra n  program l i s t e d  
in  Appendix IV. This program c a l l s  upon the  f a c i l i t i e s  o f a "GHOST" 
g ra p h ic s  package re s id e n t  on th e  Dec -  20. The program o p e ra tio n  i s  
o u tl in e d  below.
F i r s t l y ,  in fo rm atio n  from th e  d a ta  f i l e  o f decim al numbers i s  
e n te re d  in to  a rra y s  d e fin ed  w ith in  th e  program . Secondly , th e  
s t a r t i n g  p o in t o f th e  t r a n s i t  p u lse  w ith in  th e  d a ta ,  and th e  c o r r e c t  
base l in e  v a lu e  i s  a u to m a tic a lly  d e te rm in ed . This in fo rm a tio n  i s  
e s s e n t i a l  in  o rd e r to  c o r r e c t ly  d e f in e  th e  lo g a r ith m ic  g rap h . 
F in a l ly ,  th e  d a ta  a re  arranged  on b o th  l in e a r  and lo g a r ith m ic  axes and 
p lo t te d  on a h igh  re s o lu t io n  drum p l o t t e r .
5 .4 .4  CONCLUSIONS.
Throughout th e  d u ra tio n  o f t h i s  p r o je c t ,  th e  com puter a n a ly s is  
system  has been e x te n s iv e ly  te s te d  and upgraded . I t  has proven 
v e r s a t i l e  and become in v a lu a b le  fo r  re c o rd in g  t r a n s ie n t  waveforms 
o b ta in ed  from a number o f  ex p erim en ta l te ch n iq u es  ( e s p e c ia l ly  
waveforms produced from th e  t r a n s ie n t  p h o to c o n d u c tiv ity  e x p e r im e n t) . 
At p re s e n t ,  th e  system  i s  a v a i la b le  on th re e  Nascom m icro  -  com puters 
and i s  in  re g u la r  use by re se a rc h  w orkers s tu d y in g  in  t h i s  la b o ra to ry .
The system  was used to  c o l l e c t  Time o f F l ig h t  d a ta  from th in  
f ilm s  o f amorphous A rsenic S e len id e  and th e se  r e s u l t s  have been 
p u b lish ed  ( 6) .
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5 .5  STEADY STATE AND TRANSIENT PHOTOCONDUCTIVITY.
The b a s ic  requ irem en t o f a p h o to c o n d u c tiv ity  ex p erim en t, s te a d y  
s t a t e  o r t r a n s i e n t ,  i s  to  observe  th e  change in  c o n d u c tiv i ty  when a 
specimen i s  il lu m in a te d  w ith  p h o to n s . The equipm ent n e c e ssa ry  fo r  
perform ing th e se  experim ents w i l l  be d e sc rib e d  in  t h i s  s e c t io n .
5 .5 .1  THE LIGHT SOURCE.
There a re  a number o f d i f f e r e n t  methods f o r  p roducing  photons 
such as e l e c t r i c  f i la m e n ts ,  l a s e r s ,  l i g h t  e m ittin g  d iodes ( l . e . d . ) ,  
gas d isch a rg e  lam ps, e t c . ,  bu t b e fo re  a source  was chosen f o r  th i s  
p ro je c t  a number o f f a c to r s  had to  be c o n s id e re d . F i r s t l y ,  s in c e  a 
t r a n s ie n t  experim ent was en v isa g e d , th e  source  chosen had to  be 
capab le  of c o n tin u a l p u ls in g , on and o f f ,  w ith  mark and space tim es 
r e la te d  to  the  t r a n s ie n t  tim e c o n s ta n ts  o f the  sem iconductors under 
in v e s t ig a t io n .  For com plete v e r s a t i l i t y  th i s  im p lie s  th a t  th e  source  
should  be capab le  o f g e n e ra tin g  photons in  a form rang ing  from v e ry  
sh o r t  p u lse s  a t  one ex trem e, to  a s te a d y  flow  a t  the  o th e r  ex trem e.
Secondly, in  o rd e r to  s u c c e s s fu l ly  perform  a t r a n s ie n t  
p h o to c o n d u c tiv ity  experim en t, i t  was n e ce ssa ry  to  en su re  th a t  th e  
response  of th e  specimen under in v e s t ig a t io n  was n o t d i s to r t e d  by 
t r a n s ie n t  e l e c t r i c a l  s ig n a ls  a s s o c ia te d  w ith  th e  i l lu m in a tio n  so u rc e . 
This problem could be avoided by making su re  th a t  r i s e  and f a l l  tim es 
r e la te d  to  tu rn in g  on and o f f  th e  i l lu m in a tio n  so u rc e , were 
c o n s id e ra b ly  s h o r te r  than  r i s e  and f a l l  tim es a s s o c ia te d  w ith  th e
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grow th and re la x a t io n  o f th e  sem iconductor pho toconductive  s ig n a l .
T h ird ly , i t  was n e ce ssa ry  to  have c o n tro l over th e  in t e n s i t y  o f 
i l lu m in a tio n  g en era ted  by the  so u rc e . This was e s s e n t i a l  in  o rd e r  to  
de term ine  the  dependence o f th e  sample p h o to c o n d u c tiv ity  upon 
i l lu m in a tio n  in t e n s i t y .
F in a l ly ,  th e  photon energy o f th e  i l lu m in a tio n  source had to  be 
matched to  the  energy  gap o f th e  m a te r ia l  under in v e s t ig a t io n .  I f  a 
photon energy  much le s s  than  th e  energy  gap was u sed , on ly  a sm all 
p e rcen tag e  o f th e  in c id e n t  l i g h t  would be absorbed  (m ain ly  in v o lv in g  
lo c a l is e d  s t a t e s  in  amorphous sem iconducto rs) and th e  r e s u l t in g  
pho toconductive  s ig n a l  would be v e ry  sm a ll. C onverse ly , u s in g  a 
photon energy  much g r e a te r  than  th e  energy  gap would r e s u l t  in  a l l  th e  
photons being  absorbed in  a th in  la y e r  c lo se  to  th e  il lu m in a te d  
s u r fa c e .  Such a beam m ight produce a la rg e  pho toconductive  s ig n a l ,  
b u t i t s  in te r p r e ta t io n  may be com plicated  by th e  f a c t  th a t  on ly  a 
sm all p ercen tage  o f th e  specimen had been i l lu m in a te d . Such a problem 
becomes acu te  when th e  a b so rp tio n  dep th  o f i l lu m in a tio n  i s  com parable 
to  th e  dep th  to  which s t a t e s  e x i s t  in  a sem iconductor due to  su rfa c e  
d e fo rm a tio n . Under th e se  c o n d it io n s ,  th e  i l lu m in a tio n  would n o t probe 
th e  b u lk  p ro p e r t ie s  o f th e  sem iconducto r, b u t th e  pho toconductive  
s ig n a l  produced would r e f l e c t  th e  pho to response  o f th e  su rfa c e  la y e r .
Under normal c o n d itio n s  i t  i s  n e c e ssa ry  to  avo id  th e  extrem e 
s i tu a t io n s  m entioned above, and in  g e n e ra l th e  specimen should  be 
il lu m in a te d  w ith  photons o f energy  somewhere between th e se  l i m i t s .
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In  p r a c t ic e ,  in  o rd e r to  f a c i l i t a t e  ease  o f d e te c t io n  and 
a n a ly s is ,  i t  i s  advantageous to  maximise th e  am plitude  o f the  
pho toconductive  c u r re n t  g en era ted  in  a g iv en  sam ple. This can b e s t  be 
achieved  by o p tim is in g  two im p o rtan t p a ra m e te rs . F i r s t l y ,  th e  photon 
energy  o f the  source  should  be a d ju s te d  so th a t  e le c t r o n  -  h o le  p a i r s  
a re  c re a te d  w ith  a quantum e f f ic ie n c y  c lo se  to  u n i ty .  This c o n d itio n  
can norm ally  be ach ieved  by i l lu m in a tin g  th e  specim en w ith  photons o f 
energy  s l i g h t l y  g r e a te r  than  th a t  o f th e  specim en energy  gap (a lth o u g h  
in  some m a te r ia ls  th e  quantum e f f ic ie n c y  does n o t approach  u n i ty  u n t i l
th e  photon energy  i s about 0 .5  eV above th a t o f th e energy  gap: see
s e c tio n  2 .3 . 2 ) .  Secondly, th e  amount o f l i g h t l o s t  due to
tra n sm iss io n th rough the sem iconductor should  be reduced to an
a ccep tab le  l e v e l .  In doing th i s  however, c a re must be tak en  no t to
approach th e  c o n d itio n s  m entioned p re v io u s ly , where a l l  th e  l i g h t  i s  
absorbed c lo se  to  th e  specimen s u r fa c e .
The m a te r ia ls  to  be in v e s t ig a te d  in  t h i s  s tu d y  were a l lo y s  based 
on a -  S i:H , w hich, depending upon p re p a ra t io n  c o n d itio n s  and dopant 
l e v e l s ,  had o p t ic a l  gaps of around 1.7 eV. A l i g h t  source  was
th e re fo re  re q u ire d  having a photon energy  g r e a te r  th an  1.7 eV. I t  was 
found th a t  h igh  power l i g h t  e m ittin g  d io d es  were th e  b e s t  s u i te d  
source fo r  th e  type  o f work to  be c a r r ie d  o u t .  This was m ain ly  due to  
the  f a c t  th a t  th e  l . e . d . s  used were sm all and v e r s a t i l e ,  had f a s t  
response  tim es , and were e a s i ly  mounted in to  th e  ex p erim en ta l r i g .
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5 .5 .1 .1 .  HIGH POWER LIGHT EMITTING DIODES.
TWo l ig h t  e m ittin g  d iodes were chosen fo r  use b o th  in  
s tead y  -  s t a t e  and in  t r a n s ie n t  p h o to c o n d u c tiv ity  m easurem ents. The 
d iodes were m anufactured  by th e  STANLEY ELECTRIC COMPANY, th e  ESPY5501 
model e m ittin g  in  th e  yellow  re g io n  o f th e  v i s i b l e  spectrum , and th e  
591519G model e m ittin g  in  th e  red  re g io n . The re le v a n t  m a n u fa c tu re rs ' 
s p e c i f ic a t io n s  fo r  th e  d iodes a re  g iv en  in  ta b le  5 .1 .
5 .5 .2  SPECIMEN ILLUMINATION.
Photons were tra n s m itte d  to  th e  specim en u sin g  a 9 mm d iam e te r 
l i g h t  p ip e  c o n s is t in g  o f a bundle  o f o p t ic a l  f i b e r  s tra n d s  bonded 
to g e th e r  in  r e s in .  The l i g h t  e m ittin g  d iode  was mounted in  a h o ld e r  
o u ts id e  th e  vacuum environm enta l cham ber, th e  f i b e r  -  o p t ic  p ip e  
se rv in g  as a vacuum s e a l  between th e  d iode and th e  sam ple. To 
maximise th e  l i g h t  reach in g  th e  specim en, th e  d iode was b u tte d  a g a in s t  
one end o f th e  l i g h t  p ip e , th e  o th e r  end being  p o s itio n e d  about 1 mm 
from th e  specim en. Care was taken  n o t to  a llo w  th e  l i g h t  p ip e  to  make 
c o n ta c t w ith  th e  specimen s in ce  under t h i s  c o n d itio n  th e  p ip e  could  
a c t  as a h e a t s in k  fo r  th e  specim en causing  e r r o r s  in  tem p era tu re  
m easurem ents. The ex p erim en ta l s e t  -  up used i s  shown sc h e m a tic a lly
in  f ig u re  5 .1 7 .
Diode ESPY 5501 59151G
Forward c u r re n t  (mA) 20 20
T y p ica l in te n s i ty  
a t  20 mA (mcd)
160 500
Peak w avelength (nm) 550 660
S p e c tra l l in e  h a l f  
w idth  (nm)
30 30
Table 5 .1 . R elevan t d iode s p e c i f ic a t io n s .
F igure  5 .1 7 . E xperim ental s e t  -  up fo r  th e  measurement 
o f p h o to c o n d u c tiv ity .
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5 .5 .3  ILLUMINATION SOURCE CALIBRATION
The f lu x  o u tp u t o f the  d iode  -  l i g h t  -  p ip e  assem bly , as a 
fu n c tio n  o f d iode forw ard c u r r e n t ,  was re q u ire d  in  u n i t s  of
d iode forward c u rre n t under b o th  t e s t  and o p e ra t io n a l  c o n d i t io n s .  A 
d i g i t a l  v o ltm e te r  (D.V.M.) m easured th e  v o lta g e  developed a c ro ss  a 
p re c is io n  2.12 i t .  r e s i s t o r .  The v a r ia b le  v o lta g e  sou rce  could  be 
e i t h e r  pu lsed  o r con tinuous and th e  s e r ie s  r e s i s t o r  R^ l im ite d  the  
forw ard c u r re n t  o f th e  d iode to  i t s  maximum r a t i n g .
The o u tp u t from th e  l i g h t  p ipe was m onito red  u sin g  a
Hewlet -  Packard 5082 -  4207 S i l ic o n  p in  p h o to d io d e , connected  in  the  
c o n f ig u ra tio n  shown in  f ig u re  5 .1 9 . The resp o n se  tim e o f  the  
photodiode was le s s  than  1 ns and th e  o p e ra t io n a l  a m p lif ie r  (OP-37; 
P re c is io n  M o n o lith ics  in c o rp o ra te d ) had r i s e  and f a l l  tim es le s s  th an  
3 n s . The o v e ra l l  response  tim e o f th e  photo -  d e te c to r  c i r c u i t  was 
le s s  than  10 n s .
The s p e c t r a l  response  o f th e  photodiode ex ten d s over the
w avelength range 400 nm to  1100 nm and i s  shown in  f ig u r e  5 .2 0 . The
maximum f lu x  re s p o n s iv i ty  occurs a t  770 nm and i s  0 .5  ^A  per jiW. The
a c t iv e  su rfa c e  a re a  o f the  d iode i s  8 X 1 0 ^ cm*' t h i s  le a d in g  to  a
. -3  -I -,2-
maximum power s e n s i t i v i t y  of 4 X 10 A W cm . T ra n s la tin g  t h i s  in to  
th e  re q u ire d  u n i ts  of photon f lu x  d e n s i ty  re q u ire d  a knowledge o f th e  
photon energy a t  th e  w avelength u sed . This i s  g iven  by
photons cm* s* . F igure  5.18 shows th e  c i r c u i t  used to  m o n ito r th e
£  = h e (5-1)
F igu re  5 .1 8 . L .e .d .  c u r re n t  m o n ito ring  c i r c u i t .
F igure  5 .1 9 . Photon f lu x  measurement c i r c u i t .
fl
u
x
 
re
sp
o
n
si
v
if
y
 
(e
le
c
tr
o
n
s
 
p
e
r 
p
h
o
to
n
)
1 0
0 - 8
0 - 6
n
0 - 4
0 ’ 2
0 - 1  -
• 0 8  -
• 0 6  '  
• 0 4  -
• 0 2  -
• 0 1  * -
2 0 0
_1__________I__________I__________I__________I__ .
4 0 0  6 0 0  8 0 0  1 0 0 0  1 2 0 0
w a v e l e n g t h  ( n u i )
F igu re  5 .2 0 . S p e c tra l  response  o f th e  Hewlet -  Packard 
5082 -  4207 S il ic o n  p in  p ho tod iode .
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and using  the  a p p ro p r ia te  u n i ts
£  = H I  X I0~16 Jo u les -  (F-2)
<\ ( nm )
Combining eq u a tio n  5 .2  w ith  th e  power d e n s i ty  s e n s i t i v i t y  o f the  
pho tod iode , and w ith  th e  m agnitude o f th e  o u tp u t v o lta g e  developed 
from the  photo -  d e te c to r  c i r c u i t  ( f ig u r e  5 .1 9 ) r e s u l t s  in  th e  
r e la t io n s h ip :
F  =* 4 2 X 10 Vo photons  £A)2s (5-3)
R  ( / / ) / /  W “ ' )
where R i s  th e  f lu x  re s p o n s iv i ty  o f th e  photo  -  d iode a t  th e  
w avelength used (se e  f ig u re  5 .2 0 ) .
F igu res 5.21 and 5.22 show th e  c a l i b r a t i o n  cu rves o b ta in ed  fo r  
the  red and fo r  th e  yellow  l i g h t  e m itt in g  d iodes r e s p e c t iv e ly ,  when 
o p e ra tin g  under s te a d y  s t a t e  c o n d i t io n s .  At a l l  tim es d u ring  
c a l ib r a t io n  and subsequent use th e  d iodes were h e ld  in  a f ix e d  
p o s i t io n  a g a in s t  th e  f ib e r  -  o p tic  l i g h t  p ip e , and th e  c a l i b r a t io n  
curves shown r e f e r  to  the  photon o u tp u t from th e  end o f th e  l i g h t  
p ip e . I t  can be seen th a t  a wide range (10** to  10*^ photons cm2, s*"* ) 
o f photon f lu x  d e n s i ty  was a v a i la b le ,  which cou ld  be e a s i ly  c o n tro l le d
and m onitored
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F igure  5 .2 1 . Photon f lu x  o u tp u t from l i g h t  p ip e  v e rsu s  d iode 
forw ard c u r re n t  fo r  the  red  l . e . d .  (59151G).
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F ig u re  5 .2 2 . Photon f lu x  o u tp u t from l i g h t  p ip e  v e rsu s  d io d e  forw ard  
c u r re n t  fo r  th e  yellow  l . e . d .  (ESPY 5501).
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5 .5 .4  STEADY STATE PHOTOCONDUCTIVITY
Three methods (two d .c  and one a . c . )  were used to  m easure the 
s te a d y  s t a t e  p h o to c u rre n t, th e  ch o ice  depending upon th e  le v e l  of 
"background" dark  c u r r e n t .  The f i r s t  d .c .  method was used when the  
dark  c u r re n t  was sm all compared to  th e  p h o to c u rre n t. A d .c .  v o lta g e  
source  su p p lied  a c o n s ta n t f i e ld  to  th e  specim en and th e  t o t a l  c u r re n t 
under s te a d y  s t a t e  i l lu m in a tio n  was m easured u s in g  a K e ith le y  610C 
e le c tro m e te r .  The p h o to c u rre n t was o b ta in ed  by making a sm all 
c o r re c t io n  fo r  th e  known dark  c u r r e n t ,  i . e .
where Ip  i s  th e  p h o to c u rre n t, I y  i s  th e  t o t a l  m easured c u r re n t  under 
p h o to e x c i ta t io n , and 1 ^ i s  the  known dark  c u r r e n t .
The second d .c .  method was used when th e  p h o to c u rre n t was sm all 
compared to  th e  dark  c u r r e n t .  The method employed a TEKTRONIX 7632A 
o s c il lo sc o p e  f i t t e d  w ith  a 7A22 d i f f e r e n t i a l  a m p l i f ie r .  The specimen 
c u rre n t was fed  in to  th e  non -  in v e r t in g  in p u t o f th e  a m p lif ie r  ( 1  MJL 
in p u t r e s i s t a n c e ) , th e  dark  c u r re n t  being  "backed o f f "  by ap p ly in g  a 
s u i ta b le  v o lta g e  to  th e  in v e r t in g  in p u t .  So long as th e  specim en 
re s is ta n c e  was la rg e  compared to  th e  in p u t r e s is ta n c e  o f th e  a m p lif ie r  
th e  p h o to c u rre n t could be o b ta in ed  u s in g  th e  r e la t io n s h ip :
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where V i s  th e  v o lta g e  developed a c ro ss  th e  a m p lif ie r  in p u t .
The a . c .  method was used when the  dark  c u r re n t  produced a 
v o lta g e  a c ro ss  th e  a m p lif ie r  in p u t too  la rg e  fo r  "back ing  o f f " .  Under 
th e se  c o n d itio n s  pu lsed  i l lu m in a tio n  was u sed . The p u lse  w id th  was 
a d ju s te d  to  a llo w  the  p h o to c u rre n t to  reach  i t s  s te a d y  s t a t e  v a lu e . 
The t o t a l  specimen c u rre n t was sampled u sin g  a 1 MJL r e s i s t o r ,  the  
v o lta g e  developed a c ro ss  t h i s  r e s i s t o r  being fed  in to  th e  in p u t 
a m p lif ie r  o f an o s c i l lo s c o p e , th rough  a b lock ing  c a p a c i to r .  The 
c a p a c ito r  va lu e  was chosen so th a t  i n s ig n i f i c a n t  "droop" occu rred  
w h ile  th e  specimen c u r re n t  reached i t s  s te a d y  v a lu e  d u rin g  th e  p u lse  
"on" tim e . The d .c .  v o lta g e  due to  th e  dark  c u r re n t  was b locked  by 
th e  c a p a c i to r .
5 .5 .5 .  TRANSIENT PHOTOCONDUCTIVITY.
In fo rm atio n  can be o b ta in ed  from a t r a n s ie n t  p h o to c o n d u c tiv ity  
experim ent by in v e s t ig a t in g  th e  shape o f th e  p h o to c u rre n t v e rsu s  tim e 
waveform produced by p u ls in g  th e  i l lu m in a t io n  so u rce  on then  o f f .  In 
o rd e r  to  a c c u ra te ly  reproduce th e  pho toconductive  re sp o n se  o f th e  
specim en, i t  was n e ce ssa ry  to  en su re  th a t  th e  r i s e  and f a l l  tim es o f 
th e  p h o to cu rren t were n o t d i s to r te d  by th e  resp o n se  tim e o f th e  
d e te c t io n  c i r c u i t r y .
The s im p le s t method employed fo r  observ ing  th e  p h o to c u rre n t 
response  was to  a llow  the  c u r re n t  to  flow  th rough  th e  1 MJL in p u t 
r e s is ta n c e  of th e  T ek tron ix  o s c i l lo s c o p e  a m p lif ie r  p re v io u s ly  
m entioned . Under th e se  c ircu m stan ces  th e  c i r c u i t  re sp o n se  tim e was
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found to  be about 100y(/s. This was due to  the  1 MJL a m p lif ie r  in p u t 
r e s i s ta n c e ,  shunted  by a c ap a c itan c e  o f app ro x im ate ly  100 pF due to  
th e  cap a c itan c e  o f th e  sam ple, th e  co -  a x ia l  s ig n a l  c ab le  and th e  
a m p lif ie r  in p u t .
At room tem p eratu re  and below , th e  m a te r ia ls  in v e s t ig a te d  in  th i s  
s tu d y  g e n e ra lly  had p h o to c u rre n t r i s e  and f a l l  tim es o f th e  o rd e r  of 
te n s  o f m il l is e c o n d s , p e rm ittin g  th e  use of th e  sim ple  d e te c t io n  
method m entioned above. However, when in v e s t ig a t in g  sam ples w ith  h igh  
dopant l e v e l s ,  o r when perform ing measurements above room te m p e ra tu re , 
i t  was found th a t  th e  p h o to cu rren t r i s e  and f a l l  tim es became 
com parable w ith  th e  response  tim e o f the  d e te c t io n  netw ork . Under 
th e se  c o n d itio n s  i t  was n e ce ssa ry  to  use a tech n iq u e  to  reduce the  
c i r c u i t  tim e c o n s ta n t .  The method chosen employed th e  use o f th e
F .E .T . b o o ts tra p  p re  -  a m p l i f ie r ,  shown in  f ig u re  5 .2 3 .
The m easured c h a r a c t e r i s t i c s  o f th e  p re  -  a m p lif ie r  were a g a in  
of 0 .9 8 , in p u t and o u tp u t r e s is ta n c e s  o f approx im ate ly  llM jL and 50ir ­
r e s p e c t iv e ly ,  and an o v e ra l l  response  tim e of 10 n s .  A re d u c tio n  in  
th e  d e te c t io n  c i r c u i t  response  tim e was o b ta in ed  u s in g  th i s  
p re  -  a m p lif ie r  by m inim ising  th e  shun t c ap a c itan c e  (C5 ) a c ro ss  th e  
sam pling r e s i s t o r  (% ) • This was ach ieved  by m ounting the  
p re  -  a m p lif ie r  c lo se  to  th e  specim en, hence red u c in g  th e  in p u t s t r a y  
cap a c itan c e  to  about 10 pF. This r e s u l te d  in  an o v e ra l l  c i r c u i t  
response tim e o f app rox im ate ly  1 0 l / s  when a 1 MJL sam pling r e s i s t o r
was used
+ 1 2  V
^ o u t
r e s i s t a n c e  i n  O h m s  
c a p a c i t a n c e  i n F a r a d s
F igure 5 .2 3 . F .E .T . b o o ts tra p  p re - a m p l i f ie r .  
V oltage g a in  = 0.98 
Inpu t r e s is ta n c e  = 11 Mil- 
Output r e s is ta n c e  = 50J1_ 
Response tim e = 10 ns
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Under a l l  measurement c o n d itio n s , th e  c i r c u i t  re sponse  tim e was 
a t  w orst th re e  tim es s h o r te r  than  th e  p h o to conductive  resp o n se  tim e of 
the  specim en. However, i f  n e ce ssa ry , th e  c i r c u i t  re sponse  tim e could 
have been reduced f u r th e r  by reducing  th e  s iz e  o f th e  sam pling 
r e s i s t o r  R&. This was g e n e ra l ly  avoided s in c e  red uc ing  had an 
adverse  e f f e c t  on th e  s ig n a l to  n o ise  r a t i o  and th e  s ig n a l  am plitude  
a t  th e  o u tp u t.
5 .6  OPTICAL ABSORPTION.
O p tica l tra n sm iss io n  measurements were perform ed on th in  f ilm  
specimens mounted in  the  sample h o ld e r  o f a PYE UNICAM 
sp ec trp h o to m e te r, ( ty p e  SP6 , model 2 50 ). The in s tru m en t was 
c a l ib r a te d  over th e  w avelength range 400 nm to  950 nm making i t  
s u i ta b le  fo r  s tu d y in g  th e  m a te r ia ls  used in  t h i s  p r o je c t .  L ig h t from 
th e  monochromator s l i t  was focused on th e  d e te c to r  bo th  w ith  and 
w ithou t th e  specim en in  i t s  p a th , and from th e  m easured l i g h t  
i n t e n s i t i e s  th e  a b so rp tio n  co -  e f f i c i e n t  o f th e  f ilm  was c a lc u la te d .  
The l i g h t  in te n s i ty  I ,  tra n s m itte d  th rough  a specim en o f th ic k n e ss  t ,  
i s  g iven  by th e  ex p re ss io n  (n e g le c tin g  r e f l e c t io n s  and in te r f e r e n c e )
where 1 Q i s  th e  in c id e n t  l i g h t  i n t e n s i t y ,  and o<. i s  th e  a b so rp tio n  
co -  e f f i c i e n t  o f th e  f ilm  m a te r ia l .  By m easuring  bo th  I  and Io , fo r  
a f ilm  o f known th ic k n e s s , i t  was p o s s ib le  to  c a lc u la te  o i.  from th e  
above r e la t io n s h ip .  A ttem pts were made to  account fo r  th e  e f f e c t s  of 
r e f le c t io n s  and in te r f e r e n c e ,  th e se  being  d isc u sse d  in  C hapter 6 .
X
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CHAPTER 6
EXPERIMENTAL RESULTS AND DISCUSSION.
This C hapter p re se n ts  and d is c u s s e s  ex p erim en ta l r e s u l t s  o b ta in ed  
during  the  in v e s t ig a t io n .  The C hapter i s  d iv id ed  in to  th re e  main 
s e c t io n s .  S ec tio n  A p re se n ts  r e s u l t s  o b ta in ed  from th in  f i lm s  of 
amorphous Selenium . These r e s u l t s  a re  p r im a r i ly  used fo r  
c h a r a c te r is in g  th e  "Time o f F lig h t"  ap p a ra tu s  developed d u rin g  the  
s tu d y . S ec tio n  B p re se n ts  r e s u l t s  fo r  bo th  unhydrogenated and 
Hydrogenated f ilm s  o f a -  S i .  These r e s u l t s  a re  used in  o rd e r  to  
c h a r a c te r is e  th e  d e p o s it io n  c o n d itio n s  employed in  th e  Nordico 
s p u tte r in g  system , in  term s o f th e  e le c t r o n ic  t r a n s p o r t  p ro p e r t ie s  o f 
th e  m a te r ia l  p re p a re d . S ec tio n  C p re s e n ts  r e s u l t s  fo r  bo th  Antimony 
and Aluminium doped f ilm s  o f a -  S i:H .
SECTION A.
6.1 AMORPHOUS SELENIUM -  RESULTS.
Specimens o f  a -  Se were p rep ared  from th e  m e lt and formed in to  
th in  sandwich c e l l  s t r u c tu r e s  (se e  S ec tio n  4 .2 ) .  The Time o f F l ig h t  
experim ent was c a r r ie d  ou t on th e se  sam ples over th e  tem p era tu re  range
130K to  300K.
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F igure  6.1 i l l u s t r a t e s  a ty p ic a l  t r a n s i t  p u lse  o b ta in ed  a t  
tem p era tu res  above about 190 K. In  t h i s  tem p era tu re  re g io n  t r a n s ie n t  
c u r re n t p u lse s  were found to  be c o n v e n tio n a lly  d is p e r s iv e  and the  
c a r r i e r  t r a n s i t  tim e could be determ ined  from th e  c u r re n t  t ra c e  
d isp lay ed  on l in e a r  axes of c u r re n t  as a fu n c tio n  o f tim e . For such 
c o n v e n tio n a lly  d is p e r s iv e  t r a n s p o r t  th e  c a r r i e r  t r a n s i t  tim e i s  
norm ally  d e fin ed  as " th e  time a t  which th e  t r a n s ie n t  c u r re n t  f a l l s  to  
50 % o f i t s  q u asi -  therm al e q u ilib r iu m  v a lu e " . This t r a n s i t  tim e i s  
marked t ^ ^  in  f ig u re  6 . 1 , and th e  p h y s ic a l s ig n if ic a n c e  o f th i s  
f id u c ia ry  mark i s  th a t  i t  deno tes th e  tim e a t  which 50 % of th e  excess 
d r i f t i n g  c a r r i e r s  have been e x tra c te d  from th e  specimen by th e  back 
e le c tro d e .  An a l te r n a t iv e  d e f in i t io n  o f th e  t r a n s i t  tim e i s  " th e  tim e 
a t  which th e  t r a n s ie n t  c u rre n t p u lse  f i r s t  b eg ins to  d ecrease  from i t s  
q u asi -  therm al e q u ilib riu m  v a lu e " . Ihe t r a n s i t  tim e d e fin ed  in  th i s  
manner i s  marked t ^  in  f ig u re  6 . 1 , and th e  p h y s ic a l s ig n if ic a n c e  of 
th i s  f id u c ia ry  mark i s  th a t  i t  den o tes  th e  tim e a t  which th e  f i r s t  few 
p e rcen t o f d r i f t i n g  excess c a r r i e r s  reach  th e  back e le c t ro d e .  Both of 
th e  above d e f in i t io n s  o f th e  t r a n s i t  tim e a re  v a l id ,  and bo th  le a d  to  
th e  same tem p era tu re  dependence o f th e  m o b il i ty .  However, fo r  reaso n s 
which w i l l  be o u tlin e d  below th e  l a t t e r  d e f in i t io n  o f th e  t r a n s i t  tim e 
w i l l  be employed.
At tem p era tu res  below about 190 K, th e  amount of d is p e r s io n  in  
th e  c a r r i e r  t r a n s i t  p u lse  r a p id ly  in c re a s e s ,  le ad in g  to  the 
o b se rv a tio n  o f c u r re n t p u lses  ty p ic a l  o f th a t  shown in  f ig u re  6 . 2 ( a ) .  
This f ig u re  d isp la y s  an anom alously h ig h  degree o f t r a n s i t  p u lse  
d is p e rs io n  and no v i s ib le  "b reak" in  th e  c u rre n t p u ls e , a s s o c ia te d  
w ith  c a r r i e r s  reach ing  the  back e le c t r o d e ,  can be o b serv ed . C loser
IF ig u re  6 .1 . T yp ical h ig h  tem p era tu re  h o le  t r a n s i t
p u lse  f o r  a -S e . t  and t ^ „^ T 50% a re  d e fin e d  in  th e  t e x t .
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( b )  0 - 2 t  (j j s )
Figure 6.2. Typical low temperature hole transit pulse 
for a-Se displayed on (a) linear axes and (b) logarithmic 
axes of current and time.
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examination of such current pulses, however, has suggested (see 
section 2.5 for a fuller description) that re - plotting with 
logarithmic axes of current and time (figure 6.2(b)) establishes the 
presence of two approximately linear regions, for times shorter than 
and longer than the position of the "knee" (discontinuity in gradient) 
in the transit pulse. Obviously, the large amount of dispersion 
implies that the transit time of individual carriers will be greatly 
spread, but the position of the "knee" can be analysed in terms of the 
transit time of the fastest few percent of drifting carriers. Thus, 
in order to maintain a consistent definition of the transit time 
throughout the complete temperature range investigated the above 
definition of the transit time must be employed for both 
conventionally and anomalously dispersive transport'.
Figure 6.3 shows an Arrhenius plot of the hole drift mobility in 
a - Se for a specimen of thickness 70 microns at an applied electric 
field of 105 V cm* . Figure 6.4 illustrates typical current pulse 
shapes observed at a number of temperatures and fields. The features 
of the Ai^ fhenius plot are qualitatively similar to those observed by 
Pfister (1). Below about 250K the mobility falls off exponentially 
with inverse temperature with an activation energy of = 0.28 eV. 
At high temperatures the mobility appears to approach saturation in 
the neighborhood of the glass transition temperature at approximately 
300K.
Figure 6.5 shows the values of the dispersion parameter, , as 
determined from the initial slope of the log(i) - log(t) graph, as a 
function of temperature. The values of calculated from the final
1 0 3 / T
Figure 6.3. Arrhenius plot of the hole drift mobility 
for a-Se.
0 ' 2 t  (j j s )
Figure 6.4. Typical hole transit pulse shapes for a-Se 
observed at a number of temperatures and fields. The 
specimen thichness is 70 microns.
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Figure 6.5. Temperature dependence of the dispersion parameter 
for a-Se determined from the initial part of the hole 
transient current pulse.
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slope were found to be very sensitive to the choice of current 
baseline, and consequently very difficult to measure within an 
acceptable degree of accuracy. Inspection of figure 6.5 shows that at 
temperature below about 190K, 0< lies between 0 and 1.
6.2 DISCUSSION.
The thermally activated behavior of the carrier drift mobility in 
a - Se has been attributed to a mechanism in which charge flow occurs 
in extended states with frequent interruption by trapping in localised 
levels situated energetically close to the transport states (2). 
Pfister (1), on the other hand, has suggested that carrier transport 
occurs via a hopping process. In either case, it has been established 
that as the temperature is decreased below about 190K, there exists a 
change in the statistical nature of the carrier propagation, from a 
Gaussian to a stochastic process. The shift in propagation 
statistics, however, is not accompanied by any discontinuity in the 
slope of the Arrhenius plot of the hole drift mobility in a - Se and 
this has lead to the suggestion that the same basic mechanism of 
carrier transport prevails over the entire temperature range 
investigated. The question to be answered, however, is "what is the 
transport mechanism"?
As already stated, the details of the Arrhenius plots for both 
the evaporated and the quenched material are similar. This has lead 
to the general conclusion that the transport mechanism which exists in 
both materials is the same. In practice, there are three competing
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namely; isoenergetic hopping in a particular level of localised
states, trap limited hopping between two levels of localised states
and trap limited band transport. If a hopping mechanism were to
-Z t  -I -lexist, an experimentally measured drift mobility of about 10 cm V s 
is not expected to be exceeded. In the specimens of a - Se
investigated in this study, however, the highest drift mobility
—| j  —| —Irecorded was 3 X 10 cm V s at 300 K, while Pfister (1) observed a
similar value at this temperature. It thus seems unlikely that the
observed Arrhenius plot results from a hopping process, and it is 
concluded that a trap limited band transport mechanism is the most
likely to occur.
On the assumption of such a transport mechanism, it is possible 
to explain why differing degrees of transit pulse dispersion are 
obtained from the same material, but prepared using different methods 
of film deposition. Figure 6.6 shows the dispersion parameters 
obtained by Pfister and Scher (3) for thin films of evaporated a - Se,
as a function of temperature • Superimposed on this graph are the
o<- values obtained in this study for vitreous films of the same
material. Although relatively few data points exist for the vitreous 
material, it can be seen that at any given temperature, the vitreous 
material displays consistently less transit pulse dispersion than does 
the evaporated material. In this study, it is proposed that this 
difference in the degree of transit pulse dispersion displayed between 
the two materials is a direct consequence of the differing details of 
the mobility controlling localised states. It is further argued, that 
in a - Se, there is a direct relationship between the details of the
t r a n s p o r t  m e c h a n ism s w h ic h  c o u ld  a c c o u n t  f o r  t h e  o b s e r v e d  p l o t s ,
Figure 6.6. Temperature dependence of the dispersion parameter 
for a-Se obtained from this study ( |)  and from Pfister and 
Scher (q )* (After ref. 3).
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localised states distribution and the method of film preparation.
The evaporated films used in the study by Pfister (1,3) were 
prepared by open boat evaporation onto substrates held at a 
temperature of approximately 320K. In such a process the film is 
"built up" by the accumulation of layers of atoms onto the substrate; 
these atoms assuming their final lattice position within a brief 
period after making contact with the film surface. Once deposited, 
the atoms are unable to adjust their position in order to satisfy any 
unpaired bonds. The vitreous films used in this study, on the other 
hand, were prepared by quenching the material rapidly from the melt. 
As the material cools from the molten phase, there is a limited period 
of time during which the atoms can adjust their position in an attempt 
to satisfy their bonding requirements. It is proposed that these 
differences in the deposition conditions will lead to a greater number 
of defect sites, coupled with a greater disorder in the site position 
in the evaporated material, as compared to the quenched material.
Marshall (4) has shown that (all other things being equal) a 
broader energy distribution of the mobility controlling defect states 
will result in correspondingly more dispersion in the transient 
current pulse, if a trap limited band transport mechanism is assumed. 
It has also been established by Marshall and Sharp (5), that hopping 
between localised states which are energetically spread out, does not 
give rise to highly dispersive transport, except at times considerable 
shorter than those observed under experimental conditions. It 
therefore seems consistent to assume that carrier transport in a - Se 
is by a trap limited band motion and that the higher degree of transit
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pulse dispersion observed in the evaporated material is a direct 
consequence of the broader energy distribution of the mobility 
controlling localised states in that material.
A quantitative estimate of the energy spread of the mobility 
controlling localised states in each material can be obtained by 
fitting the "Time of Flight" data generated for each material, to the 
trap limited band transport computer model developed by Marshall (4). 
In this model, the mobility controlling localised states take the form 
of a Gaussian shaped packet situated above the valence band, or below 
the conduction band, as the case may be, and the energy spread of the 
packet,A E, is quoted as the separation in energy between the two half 
magnitude points of the distribution. Using this model Marshall (4) 
generates a series of transit pulse shapes for various values of 
B = A.E/kT. By comparing the transit pulse shapes obtained 
experimentally, and the transit pulse shapes generated by the computer 
model, an estimate of the factor B can be deduced for the material 
under consideration. Finally, with a knowledge of the temperature at 
which the experimental transit pulse was recorded, an estimate of the 
energy spread of the mobility controlling localised states, AE, can be 
made. Carrying out such a procedure it is found that in the case of 
the vitreous material the mobility controlling defect sites are spread 
over an energy range of 0.05 eV, while for the evaporated material the 
spread is 0.06 eV. The difference in energy spread between these two 
distributions (0.01 eV) is of the order of kT at about 120K implying 
that the disorder temperature Tc in the evaporated material is about 
120 K larger than that existing in the vitreous material.
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6.3 CONCLUSIONS.
As stated previously, the primary nature of this work was to 
characterise the operation of the "lime of Flight" equipment developed 
during this study. It has, however, been possible to use the results 
obtained from a - Se in a constructive manner. It has been suggested 
that the electronic structure of amorphous chalcogenide semiconductors 
may be influenced to a measurable degree by the method of film 
preparation.
It is interesting to note here, that measurements which are in 
agreement with those presented above, have recently been published for 
a - As^ Se^ by Sharp and Marshall (6). These workers observed that 
evaporated a - As^ Se^  displayed consistently more’ transit pulse 
dispersion than did the quenched material over the investigated 
temperature range of 260K to 360K.
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SECTION B
6.4 UNDOPED AMORPHOUS SILICON - RESULTS
Specimens of a - Si were prepared by sputtering from a 
polycrystalline Silicon target, and formed into either coplanar or 
sandwich cell structures (see section 4.6). A number of experimental 
measurement techniques were applied to these samples over the temperature 
range 100K to 500K.
6.4.1 DARK D.C. CONDUCTIVITY.
Dark d.c. conductivity measurements were performed on specimens of
a - Si:H which were housed in a light tight evacuated chamber in a
darkened room. The steady state current flowing through the specimen was
monitored using a Keithley 610C solid state electrometer, which could
- ISdetect currents down to 10 amps. The electrometer was always switched 
on 24 hours before any measurements were taken, to ensure stability of 
operation over many hours. After changes in temperature or applied 
electric field, the current flowing in the specimen took several minutes 
to stabilise. To ensure that this did not introduce a systematic error 
into the measurements, the current was monitored at regular intervals 
until no increase or decrease was found to occur. Measurements were 
performed on both sandwich and coplanar cell specimens and no systematic 
difference could be detected between results obtained from the two sample 
geometries. Any actual geometric dependence of the conductivity,
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however, may have been obscured by wide specimen to specimen variations 
observed in the conductivity.
Figure 6.7 shows an Arrhenius plot of the conductivity, for three of 
the specimens of a - Si investigated. Curves (a) and (b) are data 
obtained from films prepared using a Hydrogen partial pressure of 
4 mTorr, and curve (c) is from an unhydrogenated specimen. The three 
plots shown in figure 6.7 illustrate broadly three categories into which 
fall all of the Hydrogenated and unhydrogenated films of a - Si 
investigated in this study.
The unhydrogenated material (curve (c)) displays two distinct 
regions. In the high temperature region, the conductivity is singly 
activated with an activation energy = 0.36 eV, while in the low 
temperature region the conductivity plot curves continuously towards 
lower effective activation energies with decreasing temperature. These 
characteristics are typical of the conductivity data obtained from all of 
the unhydrogenated specimens.
Conductivity data obtained from the Hydrogenated material displayed 
features which in general were unpredictable. The results did fall into 
the two main categories, however, and these are depicted by curves (a) 
and (b) in figure 6.7. At high temperatures all of the hydrogenated 
material displayed a conductivity Arrhenius plot which was singly 
activated, although the magnitude of the activation energy varied widely 
from specimen to specimen. In some of the a - Si:H studied, this unique 
activation energy extended throughout the complete range of measurement 
(curve (a)), while in others, a low temperature region existed where the 
Arrhenius plot curved continuously towards lower effective activation
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Figure 6.7. Arrhenius plot of the conductivity for three 
specimens of a-Si. The three curves illustrate three 
categories into which fall all of the conductivity data 
obtained from specimens of a-Si investigated in this study.
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energies with decreasing temperatures (curve (b)). It was not possible 
to pre-determine which category a given specimen would fall into, and for 
those specimens which did display curvature, it was found that the 
temperature at which this region commenced was widely spread. An attempt 
was made to correlate low temperature conductivity data with optical 
absorption measurements taken at low photon energies (see section 6.5.4), 
but no link between these data could be established.
Figure 6.8 shows plots of and (as determined from the high
temperature region of the conductivity data), as a function of P^ for all
of the undoped specimens of a - Si investigated in this study. The
results are determined from the intercept on the ln(^ ~) axes at T = 0 K.
The substrate temperature and Argon partial pressure used during the
odeposition of these films were approximately 270 C and 11 mTorr 
respectively. Although there is wide scatter in both fhe E^ - and <?o 
results, there does appear to be an underlying trend in both plots, this 
trend being indicated by the solid lines. The lines are not meant to be 
quantitative in any manner, but are included only to illustrate the 
underlying trends.
The results appear to display most scatter at around
P^ = 4 mTorr. For both lower and higher values of P^ , follows fairly 
closely the trend indicated by the solid line. The E^~ results, on the 
other hand, do not display significantly more scatter at any particular 
value of P||.
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Figure 6.8(a). Conductivity pre-exponential as a function 
of Hydrogen partial pressure.
O O 
00 
o o
(e
V
)
(mTorr)
Figure 6.8(b). Dark conductivity activation energy as a 
function of Hydrogen partial pressure.
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For comparison with the material prepared in this laboratory, figure
6.8 also shows conductivity data collected from specimens obtained from 
Sheffield University (Dr. J. Allison) and from Glasgow University (Dr. 
A. Long). Both these specimens were prepared using a Nordico sputtering 
system similar to the equipment used in this study. It can be seen from 
figure 6.8, that within the experimental scatter, these two externally 
prepared specimens yield data in agreement with the general trends 
illustrated.
Note. The values of shown in figure 6.8(a) can be adjusted by the
factor exp(j |^f) in order to account for temperature dilation of the
optical gap. Q  is the ratio of the optical gap to the conductivity
activation energy, i.e. 6  , and for undoped amorphous Silicon
. -s0 — 10 eV K (14). Using this value leads to a maximum correction in 0 {q 
of about 10 %. Clearly, this correction is relatively small and will be 
ignored in the following discussion.
6.4.1.1 DISCUSSION.
_  - i f .For the unhydrogenated material, Oq lies in the range 10 to
103 (JL cm )*. Since for extended state conduction,^ * is expected to be
z. _igreater than about 10 (JL cm ) , it can be inferred that conduction in 
the unhydrogenated material is via a hopping mechanism. This fact is not 
unexpected since a large density of states in the gap is likely to exist 
in films prepared in a plasma consisting only of Argon gas. From the E^- 
data it can be concluded that hopping in the unhydrogenated material 
takes place at an energy which is about 0.3 to 0.4 eV above the Fermi
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level. From these data, however, no information can be obtained about 
the position of the Fermi level in the gap or about the magnitude of the 
hopping energy.
Figure 6.8 shows that as a result of the addition of small amounts 
of Hydrogen to the plasma, there is a sharp increase in T^", coupled with 
a corresponding increase in E^ . For greater than about 1 mTorr most 
specimens yield a conductivity pre - exponential which lies in the range 
10* to 10* (item )”*. This range suggests that carrier transport occurs 
within extended states rather than by a process of hopping between 
localised centres within the mobility gap. Ihe scatter in the E^ -results 
in this region, however, implies that the position of the Fermi level in 
the gap is critically dependent upon the details of film growth. Ihis 
fact is consistent with the review presented in Chapter 3, which suggests 
that the details of the density of states in the gap, and at the band 
edges, are intimately related to the minute conditions of film 
deposition. Since the position of the Fermi level will depend upon the 
overall shape of the density of states distribution, the scatter in the 
E^ -results is not unexpected. A further explanation for the experimental 
scatter observed in both the and the E^- results can be put forward in 
particular for the material prepared in this laboratory: i.e. The 
sputtering system used for depositing a - Si:H was also used for 
depositing a wide range of other materials including Arsenic based 
compounds and metals such as Aluminium and Antimony. Residues of these 
elements in the chamber may have contaminated the "pure" a - Si:H films 
being grown, leading to the wide and spurious scatter in the experimental
results
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Although the experimental scatter makes it difficult to be certain,
it can be seen from figure 6-8 that at high values of , the magnitude
2. 3 -lof levels off at a value between 10 and 10 (Jlcm ) , while E^- shows 
signs of decreasing with further increases in P^ . These results (both 
the scatter and the general trend), are consistent with results presented 
by Anderson and Paul (7). They suggest (7) that a decrease in both E^~ 
and (T£ might be expected at high values of P^ , since excess amounts of 
Hydrogen could create defects in deposited films, by one of two methods: 
(i) By occupying a site in the network which could have been a viable 
site for a Silicon atom, hence terminating the network at that point and 
forcing it to grow round the Hydrogen atom as best it can; or (ii) By 
forming multiply bonded Si - Hy complexes which force the network to 
depart from a regular random, fully coordinated tetrahedral arrangement. 
Anderson and Paul suggest that these processes may create films of 
a - Si:H which consist of two phases, one phase being formed from an 
almost fully coordinated tetrahedral arrangement of atoms, the other 
phase from a complex arrangement of Si - atoms. Although no direct 
evidence is obtained in this study to endorse this two phase model, the 
results presented here are in general agreement with those which led 
Anderson and Paul to postulate such a model.
In summary, the conductivity data presented here are in general 
agreement with the following hypotheses:
(a) . Hopping conductivity takes place in the unhydrogenated material.
(b) . Extended state conductivity takes place in most of the Hydrogenated 
material investigated (1 mTorr < P^  < 10 mTorr).
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(c) . There is an initial sharp decrease in the density of defect states 
in the gap with the introduction of Hydrogen to the plasma, this trend 
continuing for values up to about 5 to 8 mTorr.
(d) . The large experimental scatter in the conductivity data obtained 
from specimen to specimen may be due to (i) variations in deposition 
conditions, and (ii) contamination by impurities.
6.4.2 TIME OF FLIGHT.
Time of Flight experiments were carried out on specimens of a - Si:H
using the electron gun system described in Chapter 5. All specimens were
deposited onto Corning 7059 glass substrates held at a temperature of
0approximately 270 C. Prior to deposition, the substrates were fitted 
with sputtered Molybdenum bottom electrodes; after the deposition of the 
a - Si:H, 2 -6  microns thick, the sandwich cell structure was completed 
by either sputtering or evaporating an Aluminium top contact. This 
electrode configuration has been found to be suitable for studying both 
the hole and the electron drift mobility in a - Si:H, using the time of 
flight technique (15).
All the specimens investigated exhibited transient current pulses 
having a duration approximately equal to that of the excitation pulse 
width 20 ns)• The transient pulses were not distorted by the response 
time of the detector circuit, which, under matched conditions, had a rise 
time of a few nanoseconds. Measurements were performed over the 
temperature range 140 K to 500 K for each specimen and it was found that
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no significant change in the pulse duration or pulse shape occurred. The 
electric field applied to the specimen was also varied. It was found 
that the pulse amplitude scaled approximately linearly with field 
strength while the pulse duration was unaffected. Measurements were also 
attempted using a pulsed Nitrogen laser as an excitation source, but no 
significant change in the results was observed.
Note. It has recently been brought to the attention of the author (16) 
that the Nitrogen laser may not be a suitable excitation source for 
performing time of flight measurements on a - Si:H. The precise reason 
for the phenomenon is not fully understood, but it is thought to 
originate from the fact that the intense ultra - violet laser light may 
create excess charge in a narrow region close to the specimen surface, 
this charge quickly recombining, possibly in a large density of surface 
states.
6.4.2.1 DISCUSSION.
The origin of the fast transient current pulse is not precisely 
known, but it is thought to originate from one of two sources. Firstly, 
the pulse could be due to the drift of excess carriers through the film 
in times shorter than, or of the order of, 20 ns. It is possible to 
ascertain whether the "transit time" is shorter than 20 ns by reducing 
the bombardment pulse width, but this was not possible with the equipment 
available. Secondly, the observed transient pulse could be due to the 
rapid trapping of excess carriers as they are injected into the 
semiconductor, involving states which act as recombination centres.
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Considering the former case first, with "transit times" of the order
of 20 ns, it is possible that the carriers have insufficient time to
interact with traps, and it is therefore the free carrier mobility that
is being observed. Under these circumstances, the trapping time of
centres situated below the mobility edge must be longer than the observed
transit time; the carriers not "seeing" any traps or recombination
centres during their transit of the sample. Typical experimental
conditions for the observation of such fast current pulses are a specimen
L —|thickness of 6 microns and an applied electric field of 5 X10 V cm .
These conditions lead to an assumed free electron drift mobility of about
2. - | - |1 cm Vs , a value which is comparable with free electron drift mobility
data presented in the literature (24,25) for various specimens of
sputtered a - Si:H. If, however, the free carrier recombination lifetime
is to be greater than 20 ns, then a / / i  product in excess of 2 X 10 chi’ V *
is required. This condition compares favorably with measured room
temperature electron f t  products in glow discharge deposited a - Si:H
(18) of approximately 10 cm V , ( yt/u products in sputtered a - Si:H,
however, are found to be (10) critically dependent on preparation
conditions). A further implication of the above interpretation is that
the lifetime of free carriers, with respect to shallow traps, must be
greater than 20 ns. Assuming a typical shallow trap density of about 
iq -310 cm implies a room temperature capture cross section of around
-I? z10 cm . This value is smaller than typical band tail capture cross 
sections in undoped a - Si:H (18) by about two orders of magnitude. This 
implies that for the material prepared in this laboratory, there may be a 
relatively small density of shallow traps associated with the conduction
17 . 3band tail states (— 10 cm ).
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The second possible explanation for the observed fast transient 
current pulse (i.e. carrier recombination) yields conditions which are 
in direct contrast with those presented above. If "severe" trapping is 
to exist, then the trapping time of free carriers, with respect to 
recombination centres, must be shorter than the duration of the current 
pulse (20 ns). A second implication of this explanation is that the 
centres concerned must be "deep", preventing the thermal release of 
carriers back into extended states to recontribute to the conduction.
In order to determine which of the above two mechanisms is 
occurring, it was concluded that information must first be obtained about 
the free carrier lifetime, using an independent experimental technique. 
Both transient and steady state photoconductivity measurements were 
performed in order to extract this information.
Note. It was found that both steady state and transient 
photoconductivity results (and most other results obtained from 
a - Si:H), varied widely from specimen to specimen. This fact is 
consistent with the trends presented in both this report and in the 
literature, and as it can be appreciated, this makes it very difficult to 
compare results obtained from different specimens. As a result, it was 
decided to choose one particular specimen (the one which displayed the 
"best" characteristics), carry out a number of experimental measurements 
on it, and use these results to form the core of the analyses. In order 
to present a complete picture of the data collected, where appropriate, 
graphs and tables will be presented in an attempt to demonstrate the 
experimental scatter.
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6.A.3 TRANSIENT PHOTOCONDUCTIVITY.
Transient photoconductivity (TP) measurements were performed on 
specimens of a - Si:H using the l.e.d. - light pipe arrangement discussed 
in Chapter 5. Results were obtained over as wide a temperature range as 
possible.
Using the TP technique it has been possible to determine the carrier 
drift mobility and the carrier lifetime. The carrier lifetime was 
deduced from steady state photoconductivity measurements coupled with 
both the rise and fall times of the transient photoconductivity. In 
order to obtain the carrier mobility, it was first necessary to estimate 
the quantum efficiency and the reflection / transmission loss for the 
films under investigation. Quantum efficiency experiment were attempted 
using the charge collection technique, but due to the small signal levels 
obtained, these experiments provided ambiguous results. It was possible 
to estimate from the results, however, that the quantum efficiency of
16 - i  -ia - Si:H at a photon flux of 5/10 photons cm s and an applied electric 
Z -/field of 3 y 10 V cm was greater than about 0.1. Similar results were 
obtained for photon energies of both 1.9 and 2.2 eV. In order to verify 
the validity of this result, a literature survey was carried out. It was 
found that the best documented measurements of quantum efficiency on 
a - Si:H had been performed by Mort and Knights (8). They found that 
(depending on preparation conditions), the zero field quantum efficiency 
of a - Si:H lies in the range O.AA to 0.55. Due to the wide experimental 
error in the results obtained in this study, it was decided to use a 
value of 0.5 for the quantum efficiency. Loss of incident photons due to
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Figure 6.9. Arrhenius plot of the electron drift mobility 
for all of the specimens of a-Si:H investigated.
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transmission was found to be negligible for all of the films 
investigated. The reflectance, R, of the air - a - Si:H boundary was 
calculated using the relationship
n  _  As  ~~ f la .
" /u + fl*
where n^  and n$ are the refractive index of air and the a - Si:H film 
respectively. Using n^ C 1 and n^  — 3 (13) it was established that 
approximately 25 % of the incident photons were lost due to reflection.
Figure 6.9 shows plots of the carrier drift mobility (as deduced
from the initial rate of rise of the TP - see equation 2.51) versus
inverse temperature for all of the specimens investigated. It can be
seen that the data obtained from material prepared in this laboratory
fall into two main categories; (a) A room temperature drift mobility of 
_3 >L  ^ *1 >|10 to 10 cm V s and a mobility activation energy of 0.20 to 0.24 eV,
— 6 —7 x -i -iand (b) A room temperature drift mobility of 10 to 10 cm V s and a
mobility activation energy of 0.30 to 0.42 eV. In category (a), each of 
the curves is singly activated, while in category (b) some of the curves 
display an effective mobility activation energy which decreases with 
decreasing temperature. Table 6.1 shows values of the mobility 
pre - exponential (y(/') and the mobility activation energy (E^ ) for all 
of the specimens investigated. Both^ rt/ ' and v  were obtained from the 
high temperature linear portion of the plot where curvature in the low 
temperature region was present. For completeness, table 6.1 also shows 
the dark conductivity activation energy and pre - exponential, for all of 
the specimens considered.
-  ( 6 1 )
Spec imen Eu
(eV)
y
, 2 -1 -1. (cm V s )
tR.T.
(s)
ect
(eV)
ao
(ft cm) *
“o* 0.21 5 1.5xl0"2 
-3
0.7 120
(a) - • 0.20 0.9 7 xlO
-2
0.74 80
L □ 0.24 8 2.5x10
-3
0.72 200
■ 0.30 0.5 5 xlO
-2
0.50 1
(b) -
o 0.40 2 1.4x10
-2
0.78 860
0.42 3 7 xlO
-4
0.83 1500
X 0.32 0.5 2.5x10
-4
0.85 2500
+ 0.26 0.008 7 xlO 0.72 200
Table 6.1.
Electronic transport data deduced for each of the specimens shown 
in figures 6.9 and 6.10. Specimen + was obtained from Glasgow 
University.
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Figure 6.10 shows plots of the trap - limited carrier lifetime 
(photoconductivity decay time) versus inverse temperature for all of the 
specimens investigated. Ihe data in this case do not fall into the 
categories (a) and (b) mentioned above. In fact, the specimen which 
displays the shortest room temperature decay time, and the specimen which 
displays the longest room temperature decay time both have mobility data 
which belong to category (b) in figure 6.9.
In general, (excluding the Glasgow material), the curves shown in 
figure 6.10 exhibit two temperature regimes. At high temperatures all of 
the curves are thermally activated with an increasing trap - limited 
lifetime with decreasing temperature. In the low temperature region some 
curves display an almost temperature independent trap - limited lifetime, 
while others display thermally activated behaviour where the 
trap - limited lifetime decreases with decreasing temperature. The room
temperature trap - limited lifetime varies from specimen to specimen over
- 2. , -  li­the range 3X10 sec t0 2X10 sec. The former value is remarkably
long for a disordered semiconductor, but is consistent with results
obtained by others. Mort et al (8) studied non - geminate recombination
of photogenerated carriers in undoped a - Si:H and found trap - limited
-1recombination lifetimes greater than 10 sec at room temperature.
Note. Due to the unsuitability of the electrode configuration, no steady 
state or transient photoconductivity measurements could be performed 
using the Sheffield material.
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Figure 6 .10 . Arrhenius p lo t  o f the trap lim ited  c a r r ie r  
life tim e  fo r a l l  o f the specimens o f a-Si:H in v estig ate d .
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6 .4 .3 .1  DISCUSSION
The specimen marked with the a s te r is k  in fig u res  6.9 and 6.10 w i l l  
be discussed in d e ta il  f i r s t .  This w i l l  be followed by an in te rp reta tio n  
of the specimen to specimen experimental s c a tte r  exhibited by the 
r e s u lts .
Before embarking on a d etailed  an alysis  of the tran sien t
photoconductivity data, i t  is  necessary to f i r s t  consider the type of
ca rrie r  co n tro llin g  the charge tran sport. As p reviou sly  mentioned, the
ca rrie r  sign cannot be determined from tran sien t r is e  measurements alone,
but must be deduced from other inform ation. Thermoelectric power
measurements were attempted in order to obtain the sign of the dominant
c a r r ie r . The re su lts  of these experiments were sev erely  d isto rte d  by
e le c tr ic a l  n o ise , but i t  was p ossib le  to obtain some te n ta tiv e
o
measurements at very high temperatures (> 150 C ). The general conclusion
of these measurements was that the dominant c a r r ie r  (a t high
temperatures) was e le c tr o n s . This conclusion i s  con sisten t with reports 
in the lite r a tu r e  (9) on the dominant charge c a rr ie r  in sputtered 
a -  Si:H.
The activated  form of the m ob ility  over the temperature range 
in vestigated  can a r is e  from eith er a trap con tro lled  band mechanism, or 
from therm ally activated  hopping of c a rr ie rs  between lo ca lise d  s i t e s .  
The hopping process is  l ik e ly  to take one of two forms: e ith e r  hopping
between lo ca lise d  le v e ls  situated  at a p a rtic u la r  energy in  the m ob ility  
gap, leading to a m ob ility  of the form (see equation 1.8)
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where W is  a hopping energy and the value of the constant is  not expected
-2. x *• -Ito appreciably exceed 10 cm V s ; or a trap con tro lled  hopping 
mechanism producing a m ob ility  of the form (see section  2 .5 .3)
| -h N t 2
h ,
E t i  -  E 1 2
k T
( 6  3 )
wherey<^ is  a hopping m o b ility , is  the trap density a t energy E^ , 
and N.£ 2 is  the trap density a t energy Et i . From curve f i t t i n g ,  the 
m obility  data y ie ld  a pre -  exponential of 5 cm V *s *, in d icatin g  that the 
hopping mechanism described by equation 6.2 is  u n lik e ly  to occur. I t  is  
not possible to deduce whether the trap con tro lled  hopping mechanism 
described by equation 6.3 is  con sisten t with the experimental data, 
without f i r s t  obtaining further inform ation about the proposed trap 
d en sities  N^ j and > or by ra is in g  the specimen temperature to a le v e l 
where m o b ilities  s u b sta n tia lly  greater than 10 2 c h i ' V *s * can be measured. 
( I t  is  in te restin g  to note that fig u re  6.9 shows two specimens where the 
measured d r i f t  m ob ility  is  s l ig h t ly  greater than 10 * cm"V's * and s t i l l  
r is in g  with increasing temperature, without any sign of sa tu ra tio n ).
Ihe exact form of the d r i f t  m ob ility  re su ltin g  from a trap 
controlled band mechanism depends upon the en ergetic  d is tr ib u tio n  of 
lo ca lised  sta tes  (see section  2 .5 .3 ) . For a w ell defined set o f traps of 
density situated  at an energy below the m ob ility  edge the m ob ility  
is  expected in the form
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A ltern ative  models which consider the existen ce of a t a i l  of lo ca lise d  
sta tes a t the band edge lead to re s u lts  which in general are sim ilar to 
those obtained from a lin e a r  band t a i l  of depth ^E, i . e .
/ - / •
A EKT ( * • £ )
Interpreting the m ob ility  data using equation 6.4 y ie ld s  a value of 
5 cm  V^ 's”1 for the term y^N^/N .^. Assumingy({> Z. 1 cm  V *s ' (from time of
JO -3
f l ig h t  data) and Nc ~ 10 cm , im plies a d isc re te  trap d en sity  of 
19 -3magnitude N -^ 10 cm situated  a t an energy of 0.21 eV below the 
conduction band m ob ility  edge. Hiis very large trap d en sity throws 
considerable doubt on the in terp retatio n  of these transport data using a 
model con sistin g of a sin g le  d iscre te  set of tra p s. A more s a t is fa c to r y  
f i t  to the experimental data can be achieved using the lin e a r  band t a i l  
model described by equation 6.5. Figure 6 .11 shows the m ob ility  data of 
figu re  6.9, re -  p lotted  on axes of k T jJ  versus inverse temperature. Ihe 
p lot provides a pre -  exponentialyt/<>AE = 0.33 cm1 v 'V e V  and an a c tiv a tio n  
energy AE = 0.23 eV. Combining these data y ie ld s  a free  c a rr ie r  m ob ility  
ofyt/0= 1.4 cm  V *s**. This value o f i s  con sisten t with m ob ility  data 
deduced from the time of f l ig h t  experiment reported p reviou sly , and with 
data presented in the lite r a tu r e  (1 7 ) . I t  i s  thus concluded that band 
transport combined with ca rr ie r  in te ra ctio n  with a lim ited band t a i l  is  
more l ik e ly  to occur as opposed to c a rr ie r  in te ra ctio n  with a s in g le
d iscrete  set of s ta te s .
Jj
(k
T)
IL
10-3 o
o
10 -4
o M E = 0-33 cm2 eV V~V1
o
l/) o
>
>cu
csi
E
LJ
o
O AE = 0-23 eV
o
o
o
o
o
o
o
o
10 -7 o
J___________ _____I_______________L
3 4 5
103/T (K_1)
_L
6
Figure 6 .11 . P lot o f y(kT) versus inverse temperature 
for the specimen marked with the a s te r is k  in  fig u re  6 .9 .
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D iffe re n tia tio n  must now be made between the existen ce o f a 
trap -  lim ited  hopping mechanism and a trap -  lim ited  band transport 
mechanism. This can be achieved by considering the time of f l ig h t  data 
presented p reviou sly, and w il l  be discussed below.
Results o f the tran sien t photoconductivity experiments have shown 
that at room temperature, the c a rr ie r  d r i f t  m o b ility  and the 
trap -  lim ited c a rr ie r  life tim e  o f a -  Si:H (fo r  specimen *) are o f order 
2 X l0 ^ cm2V ,s l and 1 .5 X 1 0 *  sec re s p e c tiv e ly . Assuming an extended sta te  
free m ob ility  o f 1 cma,V ,s* im plies a free  c a rr ie r  recombination time of 
order 30yt/s. This recombination time is  considerably longer (more than 3 
orders of magnitude) than the duration of the 20 ns current pulse 
observed in the time of f l ig h t  experiment implying that in  the time of 
f l ig h t  experiment, the current pulses observed are in  fa c t  due to the 
fa s t  d r i f t  of excess c a rr ie rs  through the film , and not due to the lo ss 
of in jected  charge by trapping followed by recom bination. On th is  
assumption i t  is  possib le to deduce u sefu l inform ation about the 
temperature dependence of the m ob ility  observed in the tran sien t 
photoconductivity experiment.
Transit pulses of duration 20 ns were obtained from specimens 10 
microns th ick , under applied vo ltages of between 10 and 30 V o lts . 
Assuming these current pulses to be genuine "time of f l ig h t "  pulses 
associated with the d r i f t  of charge through the specimen, allow s a d r i f t  
m obility of order 1 cm V s . to be derived. The magnitude of th is  d r i f t  
m obility is  su b sta n tia lly  greater than that expected fo r a hopping 
process, implying the existence of a band transport mechanism.
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The follow ing conclusions can thus be drawn from the above argument:
( 1 )  . Transport in r . f .  sputtered a -  Si:H prepared in  th is  laboratory 
is  controlled  by a trap -  lim ited band transport mechanism.
(2 )  . The mechanism p redicts c a rr ie rs  (concluded from other evidence to 
be electron s) moving at the m ob ility  edge but experiencing trapping and 
thermal release events in a t a i l  o f lo c a lis e d  s ta te s  which extends to an 
energy of 0.23 eV below the conduction band m ob ility  edge.
(3 )  . The experimental data provides a s a t is fa c to r y  f i t  to a lin e a r  band 
t a i l  model. However, due to the s im ila r ity  in re s u lts  obtained from a 
number of d istrib u tio n s of band t a i l  s ta te s  i t  is  not p o ss ib le , with the 
data a v a ila b le , to uniquely define the "shape" of the lim ited  band t a i l .
Although the above conclusions are con sisten t with re s u lts  obtained 
from the transient photoconductivity experiment, at f i r s t  s ig h t they do 
not appear to be in complete accord with the time o f f l ig h t  data 
presented previou sly. Results o f the time of f l ig h t  experiment (in  
conjunction with life tim e  measurements) have suggested that c a rr ie rs  move 
through extended s ta te s , without being slowed down by shallow  trapping 
events. In con trast, the tran sien t photoconductivity experiment has 
indicated that the electron  d r i f t  m ob ility  is  con tro lled  by in teractio n s 
with a t a i l  of lo ca lise d  s ta te s . The d iffe re n t experim ental techniques 
therefore y ie ld  c o n flic tin g  information about the d e ta ils  o f charge 
transport. This anomaly can te n ta t iv e ly  be explained by considering the 
inherent d ifferen ces between the two experimental techniques. In the 
time of f l ig h t  experiment, the c a rr ie rs  generated by the fla sh
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illum ination must traverse the specimen in times shorter than both the 
trapping time and the recombination tim e. This explanation has been 
shown to be the most l ik e ly  and was discussed in f u l l  in  section  6 .4 .2 .1 . 
On completion o f a t r a n s it ,  c a rr ie rs  cannot be re -  in jected  due to the 
existence of a "blocking" top e le ctro d e . In the tran sien t 
photoconductivity experiment, however, there are no blocking electrod es 
and ca rr ie rs  can con tin u ally  be re -  in jected  u n til  they recombine. 
Using the deduced / / t  product of 30 X 10 cm V * and the experim entally 
applied e le c tr ic  f ie ld  of 3 Xicfv cm*, an e lectron  range of 
approximately 900 microns can be esta b lish ed . With an in te r  -  electrode 
separation of 300 microns i t  can be seen th a t, on average, an electron  
w ill  traverse the specimen three times before recombination. I t  can thus 
be argued that in the tran sien t photoconductivity experiment c a rr ie rs  are 
in tra n s it  for a much longer time, (compared with the time of f l ig h t  
experim ent), and are thus able to in te ra ct with the trapping ce n tre s . 
The d istrib u tio n  of traps w il l  thus be revealed by a tran sien t 
photoconductivity experiment, but not by a tin e  o f f l ig h t  experiment.
A further argument not considered so fa r , is  that in each o f the 
specimen configurations there may be an appreciable den sity of surface 
s ta te s . In the co -  planar specimens i t  is  l ik e ly  that the c a rr ie rs  w il l  
d iffu se  to the surface a number o f times during th e ir  (m ultip le) tra n s it  
and w ill  therefore in te ra ct with the surface s ta te s . In sandwich c e l l  
specimens, however, the surface sta te s  w i l l  not have such an appreciable 
e f fe c t ,  since the c a rr ie rs  w il l  only encounter these s ta te s  at the s ta rt  
and at the end of th e ir  t r a n s it .  I f  the specimen is  r e la t iv e ly  th ick ,
the e ffe c t  of the surface sta tes  w il l  be small
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The specimen to specimen experimental sca tte r  exhibited by both the 
m obility  and the life tim e  data o f a -  Si:H (fig u re s  6.9 and 6.10) w il l  
now be discussed. The discussion w i l l  i n i t i a l l y  be r e s tr ic te d  to data 
obtained from m aterial prepared in th is  lab oratory . Data obtained from 
specimens of a -  Si:H prepared at Glasgow U niversity d i f fe r  in d e ta i l  and 
w ill  be discussed a t the end o f th is  se c tio n .
From tab le  6.1 i t  can be seen that the m ob ility  pre -  exponential 
(y|/') v a ries  over the range 0.5 to 8 cm’ V *s1 . This spread is  over about 
one order of magnitude suggesting that transport in  a l l  o f the specimens 
is  probably con trolled  by the same basic  mechanism, namely trap 
controlled  band tran sp ort. The m ob ility  a c tiv a tio n  energy (Ey), on the 
other hand, assumes a value which l ie s  in two d is t in c t  ranges, namely; 
range (a ) , E y = 0.20 to 0.24 eV and range (b ), Ey = 0.30 to 0.42 eV. 
None of the m ob ility  data ex h ib it a high temperature a c tiv a tio n  energy 
which l ie s  between these two ranges.
These data suggest that the c a r r ie r  d r i f t  m ob ility  may be con trolled  
by two d is t in c t  sets  o f lo ca lise d  s ta te s  within the m o b ility  gap. The 
f i r s t  set corresponds to m ob ility  data g iv in g  an a c tiv a tio n  energy in 
range (a ) , these s ta te s  probably e x is tin g  as a lim ited  band t a i l  which 
extends to an energy of between 0.20 and 0.24 eV below the m o b ility  edge. 
The second set corresponds to m o b ility  data g iv in g an a c tiv a tio n  energy 
in range (b ), these s ta te s  probably e x is tin g  as a f a i r l y  d is c re te  s e t , 
situated at an energy of 0.30 to 0.42 eV below the m ob ility  edge. The 
postulated density of s ta te s  d is tr ib u tio n  for the m aterial prepared in 
th is  laboratory is  thus il lu s tr a te d  schem atically in fig u re  6 .12 .
0-20
0-30
Figure 6 .12 . Schematic representation  of the proposed 
"general" density of s ta te s  d is tr ib u tio n  fo r the a-Si:H  
prepared in th is  laboratory. The d iscre te  s ta te  d en sity  may 
vary considerably in  magnitude.
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I t  is  proposed that a l l  o f the specimens deposited w i l l  possess the 
d istr ib u tio n  of t a i l  s ta te s . Ihe density o f d iscre te  s ta te s , however, 
may vary considerably in magnitude from specimen to specimen. In those 
specimens where the d isc re te  trap den sity is  n eg lig a b ly  sm all, the 
transport w i l l  be dominated by in teractio n s with the t a i l  s t a t e s , leading 
to m ob ility  data belonging to range ( a ) . In those specimens where the 
d iscrete  trap density is  considerable, these sta te s  w i l l  dominate the 
tran sport, producing m ob ility  data corresponding to range (b ). M obility 
data in range (a) are s in g ly  activated  over the complete temperature 
range in v estig ated , suggesting that the t a i l  s ta te s  dominate the 
transport over the complete temperature range. M obility  data in  range
(b ), however, are not s in g ly  activated  over the complete temperature 
span. A possible two -  stage explanation can be put forward for th is  
phenomenon. F ir s t ly ,  at high temperature the m ob ility  is  con tro lled  by 
in teractio n s with the d iscre te  trap d en sity , leading to a w ell defined 
m ob ility  a ctiv a tio n  energy. Secondly, a t low tem peratures, the dominant 
transport path may s h if t  from a trap lim ited  band transport mechanism to 
a hopping mechanism. Ihe exact d e ta ils  o f the hopping transport w i l l  be 
determined by the most e n e rg e tica lly  favorable path through the lo ca lise d  
s ta te s , which may be one o f , or a combination o f the fo llow in g: ( i)  
hopping through the t a i l  s ta te s , ( i i )  hopping between the d isc re te  s ta te s  
and, ( i i i )  trap lim ited hopping between the t a i l  s ta te s  and the d iscre te  
s ta te s .
Hie question that must now be answered is  "why does the d en sity  of 
sta tes d istrib u tio n  vary so considerably from specimen to specimen?" Ihis 
question can te n ta tiv e ly  be answered as fo llo w s .
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F ir s t ly ,  as discussed in Chapter 3, i t  has been found that the 
density o f s ta te s  d istr ib u tio n  throughout the m ob ility  gap of a -  Si :H is  
influenced to a considerable extent by the minute d e ta ils  o f film  
deposition . I t  is  thus proposed that the depth of the t a i l  s ta te s  (and 
the density of d iscre te  sta tes) w i l l  be influenced by the degree of 
disorder introduced into the la t t i c e  during film  growth; th is  in  turn 
being related  to the deposition con d ition s. Secondly, i t  has recen tly  
been established  by X -  ray studies (see Sections 6 .5 .1  and 6 .8 .1)  that 
there can be a considerable density of im purity atoms in the m aterial 
prepared in  th is  laboratory. These im p u ritie s , which have appeared in 
concentrations of up to 3 a t .  %, are p r in c ip a lly  Arsenic and Selenium. 
I t  is  most l ik e ly  that these elements have entered the a -  Si:H la t t ic e  
during film  deposition , since Arsenic Tri -  Selenide is  a commonly 
deposited substance w ithin the sputtering chamber. I t  is  proposed that 
these im purity atoms may have a determining influence on the d en sity of 
defect s ta te s  below the m ob ility  edge and hence be instrum ental in 
producing the proposed d iscrete  trap d e n sity . Further, since the amount 
of Arsenic and Selenium in the sputtering chamber prior to any deposition 
w i l l  be unpredictable, i t  is  suggested that th is  fa c t  may, to a large 
exten t, account fo r the randomness observed in the e le c tro n ic  transport 
properties obtained from d iffe re n t specimens deposited under seemingly 
id e n tica l conditions in  th is  lab oratory .
As a footnote i t  is  worth pointing out that i t  has been establish ed  
by compositional analyses of sputtered film s of a -  Si:H, that a fte r  
certa in  im purities ( e .g .  Arsenic and Selenium) have been introduced into 
the sputtering chamber, many hours of sputtering must be completed before 
these impurity atoms can no longer be detected in the deposited film s.
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It is  therefore suggested that in  order to produce a m aterial which 
d isp lays more con sistent c h a ra c te r is t ic s  from specimen to specimen a 
com pletely "clean" deposition system must be employed.
Considering now the experimental sc a tte r  exhibited  by the trap 
lim ited life tim e  data, i t  can be seen from fig u res  6.9 and 6.10 that no 
co rre la tio n  appears to e x is t  between the m ob ility  and the life t im e  data. 
This fa c t  can e a s i ly  be explained i f  i t  i s  assumed that the c a rr ie r  
m ob ility  i s  con trolled  by sta te s  c lo se  to the m ob ility  edge w hile the 
c a rr ie r  trap lim ited life t im e  is  con trolled  both by such s ta te s  and by 
sta tes  elsewhere in  the energy gap, (recombination c e n tre s ) . With the 
above in  mind, i t  i s  proposed that from specimen to specimen, random 
changes in  the minute conditions o f film  deposition , together with random 
concentrations of im purity atoms in  the film s , w i l l  a f fe c t  the d en sity  of 
recombination cen tres, and the d en sity of s ta te s  ju st below the m ob ility  
edge, by d iffe r in g  amounts. These unpredictable v a ria tio n s  in  the 
density o f s ta tes  d istr ib u tio n  w i l l  in  turn lead to the la ck  of 
co rre la tio n  between the m ob ility  and the life t im e  data. One thing is  
c le a r , however, that being that in  order to produce film s with good 
photoconductive p ro p erties, both the c a rr ie r  life t im e  and the c a rr ie r  
m ob ility  should be maximised. Therefore, i t  must be estab lish ed  which 
parts o f the density o f s ta te s  d is tr ib u tio n  con trol the m ob ility  and 
which parts control the life t im e , and what film  preparation conditions 
are required in order to optim ise these d istr ib u tio n s  so that optimum 
film  c h a ra c te r is tic s  may be achieved. This is  one p ossib le  avenue along 
which th is  in v estig atio n  may be extended.
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Turning now to the m aterial prepared at Glasgow U n iversity  i t  can be 
seen from tab le  6.1 that th is  film  y ie ld s  a m ob ility  pre -  exponential of 
P ' = 8 X 10  ^ cm" V s * and. a high temperature m ob ility  a c tiv a tio n  energy of 
0.26 eV. This value of ^  ' i s  not con sisten t with band transport motion 
suggesting that c a rr ie r  conduction in  th is  film  is  v ia  a hopping 
mechanism. From figu re  6.10 i t  can be seen that c a rr ie r  life t im e s  in  the 
Glasgow m aterial are comparable with the shortest life t im e  values 
obtained from m aterial prepared in  th is  lab o ratory .
In conclusion i t  appears that the p a rticu la r  Glasgow specimen 
supplied has a r e la t iv e ly  large d en sity  o f sta tes  w ithin the m obility- 
gap, suggesting that th is  m aterial i s  o f in fe r io r  q u a lity  in  terms of 
photoconductive p rop erties. This fa c t  i s  born out by steady s ta te  
photoconductivity measurements which are presented in  the follow ing
section
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6.4.4  STEADY STATE PHOTOCONDUCTIVITY.
Steady sta te  photoconductivity (SSP) measurements were performed on 
specimens of a -  Si:H using the same l . e . d .  -  l ig h t  pipe arrangement as 
was used for tran sien t photoconductivity measurements. In SSP
measurements, the l . e . d .  was supplied with a constant current from a 
variab le  voltage supply. Measurements were carried  out over as wide a 
temperature range as p o ssib le .
Figure 6.13 shows p lo ts  of the steady s ta te  photocurrent versus 
inverse temperature fo r s ix  of the specimens of a -  Si:H studied in  the 
previous sectio n . A ll  o f the curves shown are q u a lita t iv e ly  s im ilar and 
can be phenomenologically characterised as fo llo w s :
( a )  . The photocurrent d isplays a maximum at a point where the dark 
current and the photocurrent are approximately equal.
(b) . At temperatures above the maximum, the photocurrent decreases with 
increasing temperature. This is  denoted as region (A ).
( c )  . At temperatures below the maximum, the photocurrent decreases with 
decreasing temperature and in most cases a unique a c tiv a tio n  energy (Ep^) 
can be defined. This i s  denoted as region (B ). (In one p a rtic u la r  case 
(specimen x ) no unique a c tiv a tio n  energy could be defined sin ce the 
photocurrent displayed continuous curvature towards lower e f fe c t iv e  
activ a tio n  energies with decreasing tem perature.)
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Figure 6 .13 . Steady s ta te  photocurrent versus inverse 
temperature fo r s ix  o f the specimens o f a-Si:H  studied 
in section  6 .4 .3 .
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(d) . At very low temperatures the photocurrent p lo ts  depart from s in g ly  
activated behavior and tend to " f la t te n  o f f " ,  d isp layin g  an e f fe c t iv e  
a ctiva tio n  energy which decreases with decreasing temperature. This is  
denoted as region (C ).
Figure 6.14 shows the re lation sh ip  between the steady sta te  
photocurrent and the incident photon flu x  d en sity fo r specimen ■ , under 
conditions of constant temperature. The curve fo r  420 K shows c le a r ly  
the tra n sitio n  from a lin e a r  (monomolecular) to a "square root" 
(bim olecular) photocurrent -  photon flu x  dependence, with increasing 
photon flu x  d en sity . Such a tra n sitio n  also  occurs at other temperatures 
but i s  experim entally le s s  a ccessib le  (see for example the 340 K curve). 
In the bimolecular region the photocurrent -  in te n s ity  index i s  s l ig h t ly  
higher than square ro o t, being approximately 0.66. Figure 6.14 shows 
also the dark current flowing in the specimen at 420 K. I t  can be seen 
that the lin e a r  to "square root" tra n sitio n  occurs roughly at a point 
where the photocurrent and the dark current are equal. Ihus, returning 
to figu re  6 .13 , i t  can be establish ed  th at ( fo r  specimen ■  ) at 
temperatures below the photocurrent maximum a sub -  lin e a r  re la tio n sh ip  
e x is ts  between the photocurrent and the photon f lu x  d en sity , while at 
temperatures above the photocurrent maximum a lin e a r  re la tio n sh ip  
ch aracterises the photocurrent -  photon flu x  dependence.
By means of a comparison, tab le  6.2 shows the a c tiv a tio n  energies 
deduced from both the steady s ta te  photocurrent ( fig u re  6.13) and the 
d r i f t  m ob ility  (fig u re  6.9) data, in the temperature region below the 
photocurrent maximum (Region B ), fo r  a l l  of the specimens in v e stig a te d . 
The data in th is  tab le can, to a f i r s t  approximation, be divided into
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Figure 6 .14 . Steady s ta te  photocurrent versus photon flu x  
for specimen ■  , a t the temperatures shown. O and □ show 
the dark current flowing a t  420K and 340K re s p e c tiv e ly . 
The slope o f each lin e  is  ind icated  in the f ig u re .
Specimen E (eV)
y E , (eV) ph
O 0 . 2 1 0 . 2 0
■ 0.30 0 . 2 2
o 0.40 0 . 2 1
♦ 0.42 0 . 2 0
X 0.32 curved
+ 0.26 0.23
Table 6 .2 .
A comparison o f the a ctiv a tio n  energies deduced from 
steady s ta te  photocurrent data in temperature range B 
(figure 6 .13 ), and from d r i f t  m ob ility  data (fig u re  6 .9 ) .
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three main ca te g o rie s , namely; ( i)  Specimens in which Eyt/ and Epl* ate 
approximately equal ( o  >+)> ( i i )  Specimens in  which EPh is  considerable 
le ss  than E^ (/ (■  ,<>,«♦ -), and ( i i i )  Specimens in which the d r i f t  m ob ility  
is  s in g ly  activated  but where the steady s ta te  photocurrent d isp lays no 
unique a c tiv a tio n  energy ( X ).
Note. For a l l  o f the specimens stu died , too few data points could be 
obtained a t high temperature in  order to define an a c tiv a tio n  energy from 
the photocurrent p lo ts  a t temperatures above the photocurrent maximum 
(Region A ) .
6 .4 .4 .1  DISCUSSION.
It is  immediately evident from fig u re  6 .13 , that as with other 
measurements on sputtered a -  Si:H, the photoconductivity measured under 
standard conditions va rie s  widely from specimen to specimen. I t  i s  a lso  
c le a r  from the complexity of the curves shown, that no sin g le  process of 
transport and / or recombination is  l ik e ly  to u n iv e rsa lly  ch aracterise  
the photoconductivity in a l l  of the specimens stu died . In section  6 .4 .3 , 
however, i t  was shown that tran sien t photoconductivity data could be 
interpreted using the density o f s ta te s  d is tr ib u tio n  i l lu s tr a te d  in 
figu re  6 .12 . Thus, in  order to be co n siste n t, the steady s ta te  
photocurrent data presented here w i l l  also  be analysed in  terms of the 
same density of s ta te s  d is tr ib u tio n . The d iscussion  w i l l  be divided into 
two main sectio n s. F ir s t ly ,  a fte r  some prelim inary sim plifyin g 
assumptions have been made, a photoconductivity analyses w il l  be 
performed based on the density o f s ta te s  d is tr ib u tio n  shorn in figu re
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6.12. Using the re s u lts  o f th is  an alyses, the general featu res o f the 
photocurrent p lots of fig u re  6.13 w i l l  be in te rp reted . Secondly, both 
the steady sta te  photoconductivity data presented in  th is  sectio n , and 
the tran sien t photoconductivity data presented in section  6.4.3 w i l l  be 
analysed for each of the three broad catego ries of specimens outlined in 
the previous sectio n .
The follow ing sim plifyin g assumptions w i l l  be made:
( a )  . In the steady s ta te , the excess occupation o f the band t a i l  s ta te s  
w ill  be dominated by c a rr ie rs  which are trapped w ithin the bottom few kT 
of the t a i l .  Thus, the t a i l  sta te  d is tr ib u tio n  w i l l  be replaced by a 
s in g le , d iscrete  set of tra p s , situ ated  at an energy equal to that o f the 
bottom of the t a i l .  The magnitude of the d iscre te  s ta te  d en sity w i l l  be 
equal to the e f fe c t iv e  den sity of s ta te s  w ithin the bottom few kT o f the 
t a i l  •
( b )  . The Fermi le v e l  under thermal equilibrium  conditions w i l l  be 
"pinned" c lose to mid -  gap p ossib ly  by a d en sity  o f d efect s ta te s  which 
do not take part in the recombination t r a f f i c .
( c )  . A density of recombination centres w i l l  e x is t  between the dark 
Fermi le v e l and the valence band m ob ility  edge.(Spear et a l (11)  found 
such recombination centres to e x is t  in glow discharge deposited 
m aterial) .
( d )  . Under a l l  conditions of illum in ation  and temperature the
quasi -  Fermi le v e ls  w i l l  be several kT away from a l l  trap and
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recombination cen tres.
Applying these sim plifyin g assumptions to the d is tr ib u tio n  o f fig u re  6.12 
leads to the density of s ta tes  d is tr ib u tio n  which is  i l lu s tr a te d  
schem atically in fig u re  6 .15 .
From transient photoconductivity measurements, i t  was deduced that 
both sets  of traps ( i . e .  Nj and N )^ may e x is t  in  a l l  o f the sputtered 
m aterial prepared in th is  laboratory. I t  was fu rth er proposed that the 
d en sity, N2 , may be va ria b le  in  magnitude, i t s  s iz e  being d ir e c t ly  
related  to the le v e l of impurity atoms w ithin the film  and to the 
condition of film  deposition. In the steady s ta te , however, i t  is  
proposed that the excess occupation o f le v e l  2 may be considerably 
greater than that of le v e l 1. I f  band to lo c a lis e d  recombination i s  then 
invoked ( i . e .  E^  to as illu s tr a te d  in fig u re  6.15) a s a t is fa c to r y  f i t  
to the experimental data can be obtained, as i l lu s tr a te d  below.
Evidence from tran sien t photoconductivity and dark con d u ctivity  
experiments has shown th a t, in the temperature region o f in te re st  (Region 
B ) , conduction is  dominated by e lectron s in  extended sta te s  at E^. Thus, 
extrapolating th is  conclusion to steady s ta te  photoconductivity (^5^) 
measurements y ie ld s
=  / lc e V < ;  -  ( 6 6 )
where J\/c is  the electron  m obility in  extended sta te s  at Ec , e i s  the 
e le ctro n ic  charge and nc is  the d en sity  o f electron s in the conduction 
band. Now, under steady sta te  con d ition s, the m ajority o f the
Ev
Figure 6 .15 . Application o f the sim p lifyin g assumptions d e ta ile d  
in the te x t to  the density o f s ta te s  d istr ib u tio n  o f fig u re  6 .12 , 
leads to the d istrib u tio n  shown here. The relevan t c o e ff ic ie n ts  
associated  with each of the energy le v e ls  are given in the f ig u re .
and C2  are the recombination c o e ff ic ie n ts  associated  with the 
recombination paths shown.
Page 191
photogenerated c a rr ie rs  w i l l  be in lo ca lise d  s ta te s . I f  i t  is  assumed 
that the excess occupation o f le v e l 2 is  considerably g re ate r than that 
of le v e l 1, ap p lication  o f the charge n e u tra lity  condition y ie ld s  nz ~ p^  . 
I f  recombination is  from Ec  to E ,^ then
( r  =  C\ Ac  p s  ~~ ( 6  7 )
where G is  the generation rate  of fre e  electron  -  hole p airs and Cj is  
the relevant recombination c o e ff ic ie n t .  Under steady s ta te  con d ition s, 
n^  and nc are related  by
( U . _  Me e x p L  E c . - E i  )  — i . 6 '8 )
n z  ~  N i  \  k T  J
Thus, combining equations 6.6, 6.7 and 6.8, together with the charge 
n e u tra lity  condition y ie ld s
This equation p red icts a square -  root re la tio n sh ip  between the 
photocurrent and the photon f lu x , and a photocurrent a c tiv a tio n  energy of 
(Ed -  E2)/2. Thus, i f  i t  i s  assumed that f i r s t l y ,  the trap le v e l  at Ez 
e x is ts  at an energy of 0.4 eV below the conduction band m ob ility  edge in 
a l l  of the sputtered specimens, and secondly, that the s ta te s  at E  ^
dominate the charge n e u tr a lity , then an a c tiv a tio n  energy of 
approximately 0.2 eV is  expected from steady s ta te  photoconductivity 
measurements on a l l  of the specimens studied . From tab le  6.2 i t  can be 
seen th a t, excepting specimen (x ) ,  th is  conclusion agrees favourably
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with the experimental data.
The specimens in  each o f the three categories outlined in  the 
previous section  w i l l  now he discussed.
( i ) . Specimens in which E j/  and are approximately equal ( Q ,+ ) .
For these specimens, the above analyses g ives a s a t is fa c to r y  f i t  to 
the steady sta te  photocurrent data. However, i t  might be expected that 
the trap le v e l at should be revealed in  a tran sien t photoconductivity 
experiment, leading to an observed e lectro n  d r i f t  m ob ility  a c tiv a tio n  
energy of 0.4 eV. I t  is  proposed that th is  may not be the case fo r the 
reasons outlined below.
As discussed in th is  Chapter, the electron  d r i f t  m ob ility  was 
deduced from the i n i t i a l  rate of r is e  o f the tran sien t photoconductivity. 
I f  a semiconductor with two shallow trap le v e ls  (N( at 0.2 eV below Ec  
and N* at 0.4 eV below Ec) were to be suddenly illum inated , then a 
photocurrent r is e  curve sim ilar to that shown in  fig u re  6.16 might be 
expected. Now, in a l l  o f the tran sien t r is e  measurements performed in 
th is  study, the d r i f t  m ob ility  was deduced from the gradient o f the 
photocurrent -  time trace at times which were as short as p r a c t ic a lly  
p o ssib le . I t  can be seen from fig u re  6 .16 , that at very short tim es, the 
shallower traps (Nj) may determine the i n i t i a l  ra te  of r is e  of the 
photoconductivity, and the deduced d r i f t  m ob ility  Arrhenius p lot would 
y ie ld  a m ob ility  a c tiv a tio n  energy of 0.2 eV. In the steady s ta te , 
however, the 0.4 eV deep traps w i l l  dominate the tran sp ort, leading to a 
steady s ta te  bimolecular photocurrent a c tiv a tio n  energy also  of 0.2 eV.
Thus, by th is  argument, a 0.4 eV a ctiv a tio n  energy w il l  never be
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Figure 6 .16 . A ty p ic a l tra n sie n t photocurrent r is e  curve which 
may be expected from a specimen with the den sity  o f s ta te s  
d istrib u tio n  shown in fig u re  6 .15 .
(a )  . Slope determined by the 0.2 eV deep traps (N^ ) .
(b) . Slope determined by the 0.4 eV deep traps .
( c )  . Recombination lim ited  growth.
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experim entally observed in these specimens.
The trap lim ited  life tim e  data of fig u re  6.10 w il l  now be 
considered. -  In the steady s ta te , the magnitude o f the photocurrent is  
determined by the product o f the free  c a r r ie r  m ob ility  (^>) and the free  
ca rrie r  recombination time (1^) as in
( t i o )
If / o  can be considered temperature independent, then in  the bim olecular 
region the steady sta te  photocurrent a c tiv a tio n  energy (Epj^), and the 
activ a tio n  energy o f (E^ ) w il l  be id e n t ic a l,  i . e .
= E ^  -  0.2 eV. Figure 6.10, however, shows the experim entally 
observed photo -  decay time p lotted  as a function o f inverse temperature. 
This photo -  decay time w ill  be longer than the fre e  c a rr ie r  
recombination time by the ra tio  of trapped to free  c a r r ie r s , i . e .
t p k  =  % ( t t o f g d .  C a r r i e r  Jeflsify 
l free c a . r f i e i '  efensi ly^
-  U  I I )
where is  the observed photo -  decay tim e. I f  in  the i n i t i a l  part of 
the decay, the interchange with traps at Ej i s  most rap id , then over the 
f i r s t  part of the decay curve
/),
Ac
U - / 2 )
and the observed ^p^activation energy (E^j) w il l  be
Efpk = E f ~ ( Ec - e )  = o-2 -  0 -2  = 0  eV - (613)
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Thus, a f a i r ly  temperature independent photo -  decay time is  expected. 
This conclusion i s  in  agreement with the experimental data o f fig u re  
6.10. I t  is  also  worth noting that the magnitude o f the term (Ec -  Ef ) 
in equation 6.13 may be greater than, or le s s  than 0.2 eV, depending upon 
the p osition  in the m ob ility  gap o f the d is tr ib u tio n  of trapped c a rr ie rs  
that dominate the photo -  decay process. Thus, e ith e r  a s l ig h t ly  
increasing or a s l ig h t ly  decreasing photo -  decay time with inverse 
temperature may be observed in  the bim olecular region, the exact 
relation sh ip  being determined by the d e ta iled  "shape" of the d en sity  of 
sta tes d is tr ib u tio n . As can be seen from fig u re  6.10, both increasing 
and decreasing photo -  decay times with 1/T have been experim entally 
observed.
For specimens in  th is  category, an a lte rn a tiv e  d escrip tion  o f the 
photoconductivity k in e tic s  i s  p o ss ib le . I f  i t  i s  assumed that the 
density of traps at i s  n e g lig ib le  (as has been suggested in section
6.4.3 for the specimens associated with th is  catego ry), then follow ing 
Spear et a l (11) i t  i s  proposed that lo ca lise d  to lo ca lise d  tra n sitio n s  
(from Ej to Ej as shown in figu re  6 .15) may dominate the recombination 
t r a f f i c .  Under these conditions the charge n e u tra lity  condition y ie ld s  
nl ~ Pj > anc* *n t i^e steady sta te
where is  the relevant recombination c o e ff ic ie n t .  A lso, in the steady 
sta te  nt and n, are related  by
A c  _  A  e x p / _  E c - E , \  -  U - I S )
f t ,  M V h - T  /
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Thus, combining equations 6.6, 6.14 and 6 .15 , together with the charge 
n e u tra lity  condition y ie ld s
This equation predicts the correct steady sta te  photocurrent a c tiv a tio n  
energy of 0.2 eV, together with a square -  root photocurrent -  photon 
flu x  dependence. Further, by an argument sim ilar to that outlined above, 
i t  can be shown that th is  recombination model p red icts  a temperature 
independent photo -  decay time and a d r i f t  m ob ility  a c tiv a tio n  energy of 
(E  ^ -  E( ) = 0.2 eV (in  the bim olecular region) in agreement with 
experimental re s u lts .
In these specimens, the steady s ta te  photocurrent data can be 
interpreted using the recombination model described by equation 6.9 ( i . e .  
band to lo ca lise d  recombination from E  ^ to E^). This leads to a 
photocurrent a ctiv a tio n  energy of 0.2 eV in  agreement with experimental 
data. I t  is  proposed that for specimens o  and ♦  , the tran sien t 
photocurrent r is e  associated  with the 0.2 eV deep traps occurs at too 
short a time to be experim entally re so lv a b le . Thus, the slope of the 
photocurrent -  time trace which is  experim entally measured w i l l  be 
associated with the 0.4 eV deep tra p s, leading to a experim entally 
deduced d r i f t  m ob ility  a c tiv a tio n  energy of 0.4 eV. For specimen ■  , the 
p a rticu la r time scale  over which the rate  of r is e  of the tran sien t
photocurrent is  computed may be associated with a tra n sitio n  region
\
between the r is e  corresponding to the 0.2 eV deep traps and the r is e
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corresponding to the 0.4 eV deep tra p s. I f  the r e la t iv e  "time of 
measurement" remains unchanged over a given temperature span, then an 
a ctiva tio n  energy of between 0.2 and 0.4 eV might be expected from a 
d r if t  m ob ility  Arrhenius p lo t . As seen from tab le  6 .2 , the specimen of 
in te re st y ie ld s  a m ob ility  a c tiv a tio n  energy of 0.30 eV in  agreement with 
th is  hypothesis.
( i i i ) .  Specimens in  which the d r i f t  m ob ility  is  s in g ly  activ a te d  over a^  
lim ited temperature range but where the steady s ta te  photocurrent y ie ld s  
no unique activ a tio n  energy ( x ) .
In th is  p a rticu la r  specimen, i t  i s  proposed that over the
temperature range o f in te r e s t , no sin g le  tra n sitio n  path dominated the 
recombination k in e t ic s . As the temperature is  decreased, the d e ta ils  of 
the transport and / or the recombination t r a f f i c  may change, leading to a 
photocurrent Arrhenius p lot which is  continuously curved. In the 
transient photoconductivity, however, i f  the r e la t iv e  "tim e of 
measurement" with respect to a given trap le v e l  remains f a i r l y  constant 
over a given temperature span, then i t  may be p ossib le  to obtain a s in g ly  
activated  m obility  arrhenius p lot over that temperature range. As can be 
seen from figu res 6.9 and 6 .13 , th is  explanation is  in reasonable 
agreement with the experimental data.
The follow ing conclusions can be drawn from the discussion  presented 
in th is  section .
(a ) . A ll o f the steady s ta te  photoconductivity data obtained from
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sputtered specimens of a -  Si:H prepared in  th is  laboratory can be 
interpreted using the d en sity of sta te s  d is tr ib u tio n  shown in  figu re  
6 .12 , together with the addition o f su ita b le  recombination cen tres. 
Results from th is  sectio n , however, suggest that the d iscre te  trap 
density should be situ ated  at 0.42 ± 0.02eV below the conduction band 
m obility edge, as opposed to the spread in p osition  of 0.30 to 0.42 eV 
which was deduced from transient photoconductivity measurements in 
is o la tio n .
(b )  . No sin gle  process o f transport and / or recombination can be used 
to u n iversa lly  ch aracterise  the photoconductivity in  a l l  o f the specimens 
studied.
( c )  . In gen eral, there i s  reasonable agreement between re s u lts  obtained 
from steady sta te  photoconductivity and from tran sien t photoconductivity 
measurements.
6.5.4 OPTICAL ABSORPTION.
Optical transm ission measurements were carried  out on thin film s of 
amorphous S ilico n  supported on Corning 7059 g la ss  su b strates. Ihe 
o p tica l transmission lo ss  of the g lass su bstrates was in vestig ated  and 
found to be constant over the complete photon energy range of in te r e s t . 
Before measurements were performed the o p tic a l transm ission / r e fle c tio n  
lo ss of the specimen configuration was estim ated. Ihis was achieved by 
performing o p tica l transm ission measurements at very  low photon energies 
( — 1 .1  eV) . I f  the photon loss at that energy was found to be L %, then
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a l l  subsequent transm ission measurements were lo ss  corrected by 
m ultiplying the transm itted in te n s ity  by the fa c to r  100/(100 -  L ) . Ihe 
o p tica l absorption c o e ff ic ie n t  was ca lcu lated  as described in Chapter 4.
Figure 6.17 shows the o p tica l absorption c o e ff ic ie n t  (oO  p lotted  as 
a function of photon energy (hV ) for several specimens of amorphous 
S ilic o n . A ll of the specimens were hydrogenated and prepared under the 
same deposition con d ition s, except fo r the unhydrogenated specimen which 
is  in d icated . Ihe same data are presented in  fig u re  6 .18 , re -  p lotted  
on axes of (otk}) versus photon energy.
The o p tica l absorption data shown in  fig u re  6 .17 are con sisten t with 
other measurements on a -  Si:H in  that there is  s ig n ific a n t  experimental 
sca tte r  in the resu lts  obtained from specimen to specimen. The general 
trends exhibited by a l l  of the data are s im ila r , however, and w i l l  be 
discussed below.
The experimental sca tte r  in the o p tic a l absorption c o e ff ic ie n t  is  
much more s ig n ific a n t at low photon energies ( < 1.8 eV) than at high 
photon energies ( > 1.8 eV). At high photon energies the data in  figu re  
6.17 f i t  w ell to the quadratic re la tio n sh ip  of equation 2.26, i . e .
as shown in figu re  6 .18. E0 defined from equation 6.17 may th erefore be 
used as a measure of the experimental sca tte r  at high photon energies •
6 .4 .5 .1  DISCUSSION
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F i g u r e  6 . 1 7 .  O p t i c a l  a b s o r p t i o n  v e r s u s  p h o t o n  e n e r g y  f o r  s p e c im e n s  
o f  a - S i : H  p r e p a r e d  u s i n g  t h e  sam e d e p o s i t i o n  c o n d i t i o n s .
160
140
120
100
80
60
40
20
0
1-6 1-7 1-8 1-9
hU (eV)
2-0 2-1
i r e  6 . 1 8 .  D a t a  o f  f i g u r e  6 . 1 7  r e - p l o t t e d  o n  a x e s  o f  (a h v )  
sus p h o t o n  e n e r g y .  T h e  " o p t i c a l  g a p "  f o r  e a c h  s p e c im e n  i s  
3n i n  t h e  f i g u r e .
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F ro m  t h e  i n s e r t  o n  f i g u r e  6 . 1 8  i t  c a n  b e  s e e n  t h a t  E 0  v a r i e s  o v e r  t h e  
r a n g e  1 . 7 0  t o  1 . 8 3  e V .  Ih e s e  v a l u e s  a g r e e  f a v o u r a b l y  w i t h  s i m i l a r  
m e a s u r e m e n ts  r e p o r t e d  i n  t h e  l i t e r a t u r e  ( 1 3 ) .
I f  E 0  i s  a s s u m e d  t o  b e  a n  o p t i c a l  g a p  s e p a r a t i n g  e x t e n d e d  s t a t e s  i n  
t h e  v a l e n c e  b a n d  a n d  i n  t h e  c o n d u c t i o n  b a n d ,  t h e n  i t  i s  p o s s i b l e  t o  
e x p l a i n  t h e  e x p e r i m e n t a l  s c a t t e r  a t  h i g h  p h o t o n  e n e r g i e s  a s  i n v o l v i n g  a n  
o p t i c a l  g a p  w h ic h  i s  s t r o n g l y  d e p e n d e n t  u p o n  t h e  c o n d i t i o n s  o f  f i l m  
d e p o s i t i o n .  T h is  f a c t  h a s  b e e n  sh o w n  t o  b e  t h e  c a s e ,  i n  a  w i d e r  s e n s e ,  
b y  F re e m a n  a n d  P a u l  ( 1 3 ) .  T h e y  c o r r e l a t e d  o p t i c a l  g a p  m e a s u r e m e n t s ,  
d e f i n e d  i n  t h e  a b o v e  m a n n e r ,  w i t h  f i l m  d e p o s i t i o n  c o n d i t i o n s  s u c h  a s  
s u b s t r a t e  t e m p e r a t u r e  a n d  h y d r o g e n  p a r t i a l  p r e s s u r e  a n d  fo u n d  t h a t  t h e  
o p t i c a l  g a p  w as  s t r o n g l y  d e p e n d e n t  u p o n  b o t h  o f  t h e s e  p a r a m e t e r s • I n  t h e  
d a t a  p r e s e n t e d  i n  t h i s  s t u d y ,  h o w e v e r ,  a l l  o f  t h e  o p t i c a l  m e a s u r e m e n ts  
w e r e  p e r f o r m e d  o n  s p e c im e n s  p r e p a r e d  u s i n g  t h e  sam e d e p o s i t i o n  
c o n d i t i o n s .  A t  f i r s t  s i g h t ,  t h i s  s u g g e s t s  t h a t  E ^  m a y  b e  v e r y  s e n s i t i v e  
t o  m in u t e  v a r i a t i o n s  i n  d e p o s i t i o n  c o n d i t i o n s .  H o w e v e r ,  a s  p o i n t e d  o u t  
i n  t h e  p r e v i o u s  s e c t i o n s ,  i t  i s  k n o w n  t h a t  ra n d o m  a m o u n ts  o f  i m p u r i t y  
a to m s  a r e  p r e s e n t  i n  t h e  f i l m s  d e p o s i t e d  i n  t h i s  l a b o r a t o r y .  T h is  
u n p r e d i c t a b l e  v a r i a b l e  m a y  a c c o u n t  f o r  m u c h  o f  t h e  e x p e r i m e n t a l  s c a t t e r  
e x h i b i t e d  b y  t h e  r e s u l t s .
T u r n in g  n o w  t o  t h e  o p t i c a l  a b s o r p t i o n  d a t a  a t  lo w  p h o t o n  e n e r g i e s  
(  < 1 . 8  e V )  i t  c a n  b e  s e e n  f r o m  f i g u r e  6 . 1 7  t h a t  t h e  e x p e r i m e n t a l  s c a t t e r  
i s  m uch  m o re  p r o n o u n c e d  i n  t h i s  r e g i o n .  I b i s  i s  p r o b a b l y  d u e  t o  t h e  f a c t  
t h a t  i n  t h i s  p h o to n  e n e r g y  r a n g e ,  t h e  o p t i c a l  a b s o r p t i o n  i s  c o n t r o l l e d  b y  
t r a n s i t i o n s  i n v o l v i n g  l o c a l i s e d  s t a t e s ,  t h e  d e n s i t y  o f  w h ic h  i s  s t r o n g l y  
r e l a t e d  t o  f i l m  d e p o s i t i o n  c o n d i t i o n s  a n d  ( i n  p a r t i c u l a r  f o r  t h e
s p e c im e n s  p r e p a r e d  i n  t h i s  l a b o r a t o r y ) , t o  t h e  l e v e l  o f  i m p u r i t y  a to m s  
w i t h i n  t h e  f i l m .
F i n a l l y ,  i n  c o n c l u s i o n  o f  t h i s  s e c t i o n ,  i t  c a n  b e  s e e n  f r o m  f i g u r e  
6 . 1 7  t h a t  a t  a l l  p h o t o n  e n e r g i e s ,  t h e  o p t i c a l  a b s o r p t i o n  i n  t h e  
u n h y d r o g e n a t e d  m a t e r i a l  i s  c o n s i d e r a b l y  g r e a t e r  t h a n  t h a t  i n  a l l  o f  t h e  
h y d r o g e n a t e d  f i l m s .  F u r t h e r m o r e ,  f r o m  f i g u r e  6 . 1 8  t h e  o p t i c a l  g a p  
d e f i n e d  f r o m  e q u a t i o n  6 . 1 7  f o r  t h e  u n h y d r o g e n a t e d  m a t e r i a l  i s  
c o n s i d e r a b l y  s m a l l e r  t h a n  t h e  g a p s  d e d u c e d  f r o m  t h e  h y d r o g e n a t e d  f i l m s .  
T h u s , i t  a p p e a r s  t h a t :  ( a ) .  T h e r e  i s  a  l a r g e  d e n s i t y  o f  s t a t e s  i n  t h e
m o b i l i t y  g a p  o f  u n h y d r o g e n a t e d  a  -  S i ;  a n d  ( b ) .  t h a t  t h e  o p t i c a l  g a p  o f  
a -  S i  i n c r e a s e s  w i t h  i n c r e a s i n g  h y d r o g e n  f i l m  c o n t e n t .  T h e s e  
c o n c lu s io n s  a r e  w i d e l y  a c c e p t e d  a n d  h a v e  b e e n  r e p e a t e d l y  r e p o r t e d  i n  t h e  
l i t e r a t u r e .
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S E C T IO N  C
6 . 5  A L U M IN IU M  DOPED AMORPHOUS S IL IC O N  -  R E S U LTS
S p e c im e n s  o f  A lu m in iu m  d o p e d  a  -  S i  :H  w e r e  p r e p a r e d  b y
c o  -  s p u t t e r i n g  s t r a n d s  o f  9 9 . 9 9 9  % p u r e  A lu m in iu m  w i r e  w i t h  a
p o l y c r y s t a l l i n e  S i l i c o n  t a r g e t .  T h e  A lu m in iu m  w i r e ,  1 mm i n  d i a m e t e r ,
w a s  c u t  i n t o  p ie c e s  10  mm lo n g  a n d  s p r e a d  e v e n l y  o v e r  t h e  e n t i r e
t a r g e t  a c t i v e  s u r f a c e  a r e a  so a s  t o  e n s u r e  t h a t ,  a s  f a r  a s  p o s s i b l e ,
a n  e v e n  d i s t r i b u t i o n  o f  d o p a n t  m a t e r i a l  w a s  g e n e r a t e d  i n  t h e  d e p o s i t e d
f i l m s .  T h e  s p u t t e r i n g  c o n d i t i o n s  u s e d  f o r  a l l  o f  t h e  d e p o s i t i o n s  w e r e
0
a  s u b s t r a t e  t e m p e r a t u r e  o f  a p p r o x i m a t e l y  2 5 0  C ,  a  H y d r o g e n  a n d  A r g o n  
p a r t i a l  p r e s s u r e  o f  4  a n d  11  m T o r r  r e s p e c t i v e l y  a n d  a n  r . f .  p o w e r  o f  
1 0 0  W a t t s .
S t r u c t u r a l  m e a s u r e m e n ts  w e r e  c a r r i e d  o u t  o n  tw o  r e p r e s e n t a t i v e  
d o p e d  s p e c im e n s  u s i n g  a  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p e ,  a n d  a  r a n g e  
o f  e l e c t r o n i c  t r a n s p o r t  m e a s u r e m e n ts  w e r e  p e r f o r m e d .  I n  a l l  o f  t h e  
A lu m in iu m  d o p e d  s p e c im e n s  i t  w as  fo u n d  t h a t  t h e  p h o t o c o n d u c t i v i t y  w as  
q u e n c h e d  t o  a  l e v e l  t h a t  w as b e lo w  t h e  r e s o l u t i o n  o f  t h e  m e a s u r e m e n t  
s y s t e m .  C o n s e q u e n t ly ,  n o  m e a s u r e m e n ts  o f  s t e a d y  s t a t e  o r  o f  t r a n s i e n t  
p h o t o c o n d u c t i v i t y  c o u ld  b e  m a d e . T im e  o f  f l i g h t  e x p e r i m e n t s  w e r e  
a t t e m p t e d  u s in g  a  p u ls e d  e l e c t r o n  b e a m , b u t  a s  w i t h  p h o t o c o n d u c t i v i t y  
m e a s u r e m e n t s , t h e  t r a n s i e n t  s i g n a l  g e n e r a t e d  w as  t o o  s m a l l  f o r  
d e t e c t i o n .  O n ly  r e s u l t s  f r o m  d a r k  d . c .  c o n d u c t i v i t y ,  t h e r m o e l e c t r i c  
p o w e r  a n d  o p t i c a l  a b s o r p t i o n  e x p e r i m e n t s  w e r e  o b t a i n e d .
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6 . 5 . 1  STRUCTURE
Two f i l m s  o f  A lu m in iu m  d o p e d  a  -  S i : H  i n  t h e  t h i c k n e s s  r a n g e  1 0 0
t o  2 0 0  A n g s tro m s  w e r e  d e p o s i t e d  o n t o  C a r b o n  c o a t e d  m ic a  s u b s t r a t e s .
The f i l m s  w e r e  " f l o a t e d  o f f "  t h e  s u b s t r a t e s  i n  d i s t i l l e d  w a t e r  a n d
c o l l e c t e d  o n  f i n e  c o p p e r  g r i d s .  P r i o r  t o  m o u n t in g  i n  t h e  e l e c t r o n
m i c r o s c o p e ,  ( w h i c h  h a d  a  r e s o l u t i o n  o f  a b o u t  5 0  A n g s t r o m s ) ,  t h e
o
s p e c im e n s  w e r e  v a c u u m  b a k e d  a t  1 4 0  C i n  o r d e r  t o  r e d u c e  c o n t a m i n a t i o n  
e f f e c t s .  The tw o  s p e c im e n s  c o n s id e r e d  w e r e  p r e p a r e d  u s i n g ,  ( a )  5 0  a n d  
( b )  2 5  s t r a n d s  o f  A lu m in iu m  w i r e  c o v e r i n g  t h e  a c t i v e  s u r f a c e  a r e a  o f  
t h e  t a r g e t .  T h e s e  t a r g e t  a r e a  c o v e r a g e s  c o r r e s p o n d e d  t o  A lu m in iu m  -  
S i l i c o n  r a t i o s  o f  a p p r o x i m a t e l y  ( a )  8 . 5  % a n d  ( b )  4 . 1  % r e s p e c t i v e l y .  
X  -  r a y  m i c r o a n a l y s e s  o f  t h e  f i l m s  r e v e a l e d  t h a t ,  t o  w i t h i n  a n  
a c c u r a c y  o f  ± 2  a t .  %, t h e  a t o m ic  p e r c e n t a g e  o f  A lu m in iu m  i n  t h e  
d e p o s i t e d  f i l m s  w as  i n  a g r e e m e n t  w i t h  f i g u r e s  d e d u c e d  f r o m  t a r g e t  
c o v e r a g e  c a l c u l a t i o n s .  T h is  s u g g e s t s  t h a t ,  t o  a  f i r s t  a p p r o x i m a t i o n ,  
t h e  s p u t t e r i n g  r a t e  o f  A lu m in iu m  a n d  o f  S i l i c o n  i s  t h e  s a m e . I n  t h e  
f o l l o w i n g  d i s c u s s i o n ,  t h e r e f o r e ,  i t  w i l l  b e  a s s u m e d  t h a t  t h e r e  i s  a  
o n e  t o  o n e  c o r r e s p o n d e n c e  b e tw e e n  t h e  A lu m in iu m  -  S i l i c o n  c o v e r a g e  
r a t i o  o f  t h e  t a r g e t  a n d  t h e  a t o m ic  p e r c e n t  o f  A lu m in iu m  i n  t h e  
d e p o s i t e d  f i l m s .  X  -  r a y  m i c r o a n a l y s e s  a l s o  r e v e a l e d  A r s e n i c  a n d  
S e le n iu m  i m p u r i t i e s  i n  t h e  f i l m s ,  t h e  c o n c e n t r a t i o n s  o f  w h ic h  v a r i e d  
f r o m  s p e c im e n  t o  s p e c im e n  o v e r  t h e  r a n g e  1 t o  3 a t .  %.
O b s e r v a t io n s  o f  t h e  f i l m  s t r u c t u r e  u s i n g  a n  e l e c t r o n  m ic r o s c o p e  
s u g g e s t  t h a t  b o t h  s p e c im e n s  a r e  in h o m o g e n e o u s .  The e l e c t r o n  
m ic r o g r a p h  d i s p l a y e d  a  tw o  -  p h a s e  m i x t u r e  c o n s i s t i n g  o f  c l o s e l y
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s p a c e d  d a r k  p a t c h e s  i n  a  l i g h t l y  s h a d e d  b a c k g r o u n d . E l e c t r o n  
d i f f r a c t i o n  a n a l y s e s  o f  t h e  s p e c im e n s  r e v e a l e d  a  d i f f r a c t i o n  p a t t e r n  
c o n s i s t i n g  o f  t h r e e  b r o a d  d i f f u s e  h a l o s  ( n o r m a l l y  e x p e c t e d  f r o m  a n  
a m o rp h o u s  m a t e r i a l )  t o g e t h e r  w i t h  tw o  t o  t h r e e  w e l l  d e f i n e d  s h a r p  
r i n g s ,  T h e s e  o b s e r v a t i o n s  s u g g e s t  t h a t  t h e  f i l m  s t r u c t u r e  m a y  c o n s i s t  
o f  a  m a t r i x  o f  s m a l l  c r y s t a l l i n e  A lu m in iu m  i s l a n d s ,  e m b e d d e d  w i t h i n  a n  
a m o rp h o u s  S i l i c o n  l a t t i c e .  T h e  e l e c t r o n  d i f f r a c t i o n  p a t t e r n  g iv e s  
e v id e n c e  f o r  b o t h  t h e  c r y s t a l l i n e  A lu m in iu m  s t r u c t u r e  a n d  t h e  
a m o rp h o u s  S i l i c o n  l a t t i c e ,  w h i l e  t h e  " c e r m e t "  s t r u c t u r e  i s  e v id e n c e d  
b y  t h e  e l e c t r o n  m i c r o g r a p h .  D im e n s i o n a l  m e a s u r e m e n ts  o n  t h e  f i l m s  
r e v e a l e d  t h a t  t h e  l i n e a r  d im e n s io n  o f  t h e  A lu m in iu m  i s l a n d s  i s  a b o u t  
5 0  A n g s t r o m s .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  s t r u c t u r a l  m e a s u r e m e n ts  
w h ic h  a r e  i n  a g r e e m e n t  w i t h  t h o s e  p r e s e n t e d  a b o v e  h a v e  b e e n  r e p o r t e d  
b y  o t h e r s .  T a n a k a  e t  a l  ( 2 3 )  co  -  s p u t t e r e d  p o l y c j r y s t a l l i n e  S i l i c o n  
w i t h  A lu m in iu m  a n d  fo u n d  a n  X  -  r a y  d i f f r a c t i o n  p a t t e r n  w h ic h  
c o n t a i n e d  r i n g s  c o r r e s p o n d in g  t o  r e f l e c t i o n s  w i t h  t h e  A l ( 2 0 0 )  a n d  
A l ( l l l )  c r y s t a l l i n e  p l a n e s .
N o t e .  No A lu m in iu m  d o p e d  s p e c im e n s  w i t h  d o p a n t  c o n c e n t r a t i o n s  l e s s  
t h a n  1 a t .  % c o u ld  b e  p r e p a r e d .  I n  a l l  a t t e m p t s  t o  d e p o s i t  s u c h  
m a t e r i a l  t h e  f i l m  b e g a n  t o  p e e l  a w a y  f r o m  t h e  s u b s t r a t e  s o o n  a f t e r  
r e m o v a l  f r o m  t h e  s p u t t e r i n g  c h a m b e r .  The f i l m  a p p e a r e d  t o  b e  u n d e r  
c o n s i d e r a b l e  s t r a i n ,  s i n c e  " f l a k e s "  t h a t  b e c a m e  d e t a c h e d  w e r e  
p r o p e l l e d  s e v e r a l  c e n t i m e t e r s  a w a y  f r o m  t h e  s u b s t r a t e .  I t  i s  
s u g g e s t e d  t h a t  i n  t h e s e  l i g h t l y  d o p e d  s p e c im e n s , t h e  A lu m in iu m  m a y  
a t t e m p t  t o  b o n d  w i t h  t h e  S i l i c o n  l a t t i c e  c r e a t i n g  c o n s i d e r a b l e  s t r a i n  
w i t h i n  t h e  f i l m .  A t  h ig h  d o p a n t  l e v e l s ,  h o w e v e r ,  m e t a l l i c  i s l a n d s  a r e
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f o r m e d ,  t h i s  l e a d i n g  t o  a  m u c h  m o re  r e l a x e d  s t r u c t u r e .  A  s i m i l a r  
d e t e r i o r a t i o n  i n  f i l m  q u a l i t y  w i t h  t h e  a d d i t i o n  o f  d o p a n t  m a t e r i a l  t o  
r . f .  s p u t t e r e d  a  -  S i : H  h a s  b e e n  o b s e r v e d  b y  o t h e r s  ( 1 3 ) .
6 . 5 . 2  DARK D . C .  C O N D U C T IV IT Y
F i g u r e  6 . 1 9  sh o w s a n  A r r h e n i u s  p l o t  o f  t h e  c o n d u c t i v i t y  f o r  f o u r  
d o p e d  s p e c im e n s  o f  a  -  S i : H  i n  w h ic h  t h e  A lu m in iu m  c o n c e n t r a t i o n  
r a n g e s  f r o m  1 . 6  t o  8 . 5  a t .  %. T a b le  6 . 3  g i v e s  d e t a i l s  o f  t h e  
e s t i m a t e d  A lu m in iu m  c o n t e n t  o f  e a c h  f i l m  t o g e t h e r  w i t h  t h e  
c o r r e s p o n d in g  ro o m  t e m p e r a t u r e  c o n d u c t i v i t y  a n d  c o n d u c t i v i t y  
p r e  -  e x p o n e n t i a l  a n d  a c t i v a t i o n  e n e r g y .  I n c lu d e d  i n  f i g u r e  6 . 1 9  i s  
c o n d u c t i v i t y  d a t a  o b t a in e d  f r o m  a  r e p r e s e n t a t i v e  u n d o p e d  s p e c im e n  
p r e p a r e d  u n d e r  t h e  sam e d e p o s i t i o n  c o n d i t i o n s  a s  u s e d  f o r  a l l  o f  t h e  
d o p e d  m a t e r i a l .  No c o n d u c t i v i t y  d a t a  c o u ld  b e  o b t a i n e d  f r o m  s p e c im e n  
4+  , ( t h e  m o s t  l i g h t l y  d o p e d  f i l m ) ,  f o r  r e a s o n s  o u t l i n e d  i n  t h e  
p r e v i o u s  s e c t i o n .
F i g u r e  6 . 1 9  r e v e a l s  a  m o n o t o n ic  d e c r e a s e  i n  t h e  c o n d u c t i v i t y  
a c t i v a t i o n  e n e r g y  a s  t h e  d o p a n t  c o n c e n t r a t i o n  i s  i n c r e a s e d .  T he  
a d d i t i o n  o f  a p p r o x i m a t e l y  8 . 5  a t .  % A lu m in iu m  t o  t h e  a m o rp h o u s  S i l i c o n  
i s  s e e n  t o  r e s u l t  i n  a n  o v e r a l l  i n c r e a s e  i n  t h e  ro o m  t e m p e r a t u r e  
c o n d u c t i v i t y  o f  a b o u t  5 o r d e r s  o f  m a g n i t u d e .  T he c o n d u c t i v i t y  
p r e  -  e x p o n e n t i a l  f o r  a l l  o f  t h e  d o p e d  s p e c im e n s  l i e s  i n  t h e  r a n g e  5 
t o  3 0  (J L c m )* 1. T h is  r a n g e  i s  2 t o  3 o r d e r s  o f  m a g n i t u d e  l o w e r  t h a n  
t h e  p r e  -  e x p o n e n t i a l  o b s e r v e d  i n  t h e  u n d o p e d  m a t e r i a l .
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F i g u r e  6 . 1 9 .  A r r e n i u s  p l o t  o f  t h e  c o n d u c t i v i t y  f o r  f o u r  
A lu m in iu m  d o p e d  f i l m s  o f  a - S i : H .  S p e c im e n  d e t a i l s  a r e  
g iv e n  i n  t a b l e  6 . 3 .
S p e c im e n I m p u r i t y  
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T a b l e  6 . 3 .
D e ta ils  o f  Aluminium doped specim ens o f  a -S i:H  in v e s t ig a te d  
in  t h is  stu d y .
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6 . 5 . 3  O P T IC A L  A B S O R P TIO N
F i g u r e  6 . 2 0  sh o w s t h e  o p t i c a l  a b s o r p t i o n  c o e f f i c i e n t  ( o O ,
p l o t t e d  a s  a  f u n c t i o n  o f  p h o t o n  e n e r g y  ( h V )  f o r  a l l  o f  t h e  A lu m in iu m
d o p e d  s p e c im e n s  p r e p a r e d .  The sam e d a t a  a r e  p r e s e n t e d  i n  f i g u r e  6 . 2 1 ,
x
r e  -  p l o t t e d  o n  a x e s  o f  (oCh}))v  v e r s u s  p h o t o n  e n e r g y .  B o th  f i g u r e s  
g i v e  d a t a  f r o m  a  r e p r e s e n t a t i v e  u n d o p e d  s p e c im e n .  F ro m  f i g u r e  6 . 2 1  i t  
c a n  b e  s e e n  t h a t  i n  t h e  h i g h  a b s o r p t i o n  r e g i o n ,  a l l  o f  t h e  d a t a  f i t  
w e l l  t o  t h e  q u a d r a t i c  r e l a t i o n s h i p  d e s c r i b e d  b y  e q u a t i o n  6 . 1 7 .  I t  c a n  
a l s o  b e  e s t a b l i s h e d  f r o m  f i g u r e s  6 . 2 0  a n d  6 . 2 1  t h a t  t h e  o p t i c a l  
a b s o r p t i o n  e d g e  s h i f t s  t o w a r d s  l o w e r  p h o t o n  e n e r g i e s  w i t h  i n c r e a s i n g  
f i l m  d o p a n t  c o n c e n t r a t i o n .  T h e  o p t i c a l  g a p  d e d u c e d  f o r  e a c h  o f  t h e  
d o p e d  f i l m s  i s  g i v e n  i n  t h e  i n s e r t  i n  f i g u r e  6 . 2 1 .
6 . 5 . 4  TH ER M O ELEC TR IC  POWER
T h e r m o e l e c t r i c  p o w e r  m e a s u r e m e n ts  w e r e  p e r f o r m e d  u s i n g  t h e  
e x p e r i m e n t a l  r i g  d is c u s s e d  i n  C h a p t e r  5 .  T h e  s p e c im e n  h o l d e r  w a s  
m o d i f i e d  t o  a c c o m m o d a te  tw o  h e a t e r  c o i l s ,  b e t w e e n  w h ic h  t h e  s p e c im e n  
w as m o u n te d .  T he t e m p e r a t u r e  d i f f e r e n c e  a c r o s s  t h e  s p e c im e n  w as  
m o n i t o r e d  u s in g  a  C o p p e r  -  C o n s t a n t a n  t h e r m o c o u p le  a n d  t h e  
t h e r m o e l e c t r i c  v o l t a g e  d e v e lo p e d  b e tw e e n  t h e  s p e c im e n  c o n t a c t s  w as  
m e a s u r e d  u s in g  a  K e i t h l e y  6 1 0 C  e l e c t r o m e t e r .
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F i g u r e  6 . 2 0 .  O p t i c a l  a b s o r p t i o n  v e r s u s  p h o t o n  e n e r g y  f o r  
A lu m in iu m  d o p e d  f i l m s  o f  a - S i : H .  S p e c im e n  d e t a i l s  a r e  g i v e n  
i n  t a b l e  6 . 3 .
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6 . 2 1 .  O p t i c a l  a b s o r p t i o n  d a t a  o f  f i g u r e  6 . 2 0 ,  r e - p l o t t e d  
; o f  ( a h v ) ^  v e r s u s  p h o t o n  e n e r g y .  T h e  " o p t i c a l  g a p "
[ f o r  e a c h  s p e c im e n  i s  g i v e n  i n  t h e  f i g u r e .
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T h e r m o e l e c t r i c  p o w e r  m e a s u r e m e n ts  w e r e  a t t e m p t e d  o n  a l l  o f  t h e  
d o p e d  s p e c im e n s ,  b u t  d u e  t o  t h e  l a r g e  l e v e l  o f  e l e c t r i c a l  n o i s e  
p i c k  -  u p  r e s u l t s  c o u ld  o n l y  b e  o b t a i n e d  f r o m  t h e  m o s t  h e a v i l y  d o p e d  
f i l m  ( s p e c im e n  O  ) .  M e a s u r e m e n ts  w e r e  p e r f o r m e d  o n  t h i s  f i l m  o v e r  t h e  
e n t i r e  t e m p e r a t u r e  r a n g e  a c c e s s i b l e ,  i . e .  2 5 0  K  t o  3 9 0  K .  F i g u r e  
6 . 2 2  sh o w s t h e  t h e r m o e l e c t r i c  p o w e r  p l o t t e d  a s  a  f u n c t i o n  o f  i n v e r s e  
t e m p e r a t u r e  f o r  s p e c im e n  O  .  I t  c a n  b e  s e e n  t h a t  t h e  t h e r m o e l e c t r i c  
p o w e r  i s  p o s i t i v e  o v e r  t h e  e n t i r e  t e m p e r a t u r e  r a n g e  i n v e s t i g a t e d .
6 . 6  D IS C U S S IO N
M ic r o g r a p h s  o f  A lu m in iu m  d o p e d  s p e c im e n s  h a v e  s u g g e s t e d  a
" c e r m e t "  s t r u c t u r e .  I t  m u s t  b e  re m e m b e r e d ,  h o w e v e r ,  t h a t  s p e c im e n s  o n
w h ic h  s t r u c t u r a l  m e a s u r e m e n ts  w e r e  c a r r i e d  o u t ,  a r e  d i m e n s i o n a l l y
s u b s t a n t i a l l y  d i f f e r e n t  f r o m  s p e c im e n s  u s e d  f o r  e l e c t r o n i c  t r a n s p o r t
m e a s u r e m e n t s .  A  f i l m  t h i c k n e s s  o f  o r d e r  1 0 0  A n g s t r o m s  w a s  u s e d  f o r
s t r u c t u r a l  m e a s u r e m e n t s ,  w h i l e  t r a n s p o r t  d a t a  w e r e  c o l l e c t e d  f r o m
k S
s p e c im e n s  i n  t h e  t h i c k n e s s  r a n g e  10  t o  10  A n g s t r o m s .  D e t a i l e d  
s t u d i e s  o f  c e r m e t  f i l m s  ( 1 9 )  h a v e  sh o w n  t h a t  b o t h  t h e  s t r u c t u r e  a n d  
t h e  e l e c t r o n i c  t r a n s p o r t  p r o p e r t i e s  o f  t h e s e  . m a t e r i a l s  a r e  
d r a m a t i c a l l y  d e p e n d e n t  u p o n  f i l m  t h i c k n e s s .  I t  h a s  a l s o  b e e n
e s t a b l i s h e d  t h a t  t h e  l o c a l  s t r u c t u r e  o f  s p u t t e r  d e p o s i t e d  c e r m e t  f i l m s  
m a y  v a r y  c o n s i d e r a b l y  i n  a n y  g i v e n  s p e c im e n .  T h u s ,  i t  i s  n o t  p o s s i b l e  
w i t h  t h e  d a t a  a v a i l a b l e  t o  d e d u c e  w i t h  a n y  c e r t a i n t y  t h e  e x a c t  
s t r u c t u r e  o f  t h e  f i l m s  u s e d  i n  t h i s  s t u d y  f o r  t h e  c o l l e c t i o n  o f  
e l e c t r o n i c  t r a n s p o r t  d a t a .  C o n s i d e r a b l e  c o n j e c t u r e  m u s t  t h e r e f o r e  b e  
a p p l i e d  i n  o r d e r  t o  i n t e r p r e t  t h e  t r a n s p o r t  d a t a  p r e s e n t e d  i n  t h i s
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Figure 6 . 22 . T herm oelectric  power v ersu s  in v e r se  tem perature  
fo r  an 8.5  at.% Aluminium doped specim en o f  a -S i:H . The f ig u r e  
in s e r t  i s  d escr ib ed  in  th e  t e x t .
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s e c t i o n .
I n  t h e  b r o a d e s t  t e r m s ,  i t  a p p e a r s  t h a t  t h e r e  a r e  t h r e e  p o s s i b l e  
m e th o d s  b y  w h ic h  A lu m in iu m  c a n  e n t e r  t h e  S i l i c o n  l a t t i c e ,  n a m e ly ;  ( a )  
a s  a  s u b s t i t u t i o n a l  d o p a n t ,  ( b )  a s  a  f u l l y  c o  -  o r d i n a t e d  S i l i c o n  -  
A lu m in iu m  a l l o y ,  a n d  ( c )  i n  i s o l a t e d  A lu m in iu m  i s l a n d s  s i m i l a r  t o  a  
c e r m e t  s t r u c t u r e .  I t  i s  a l s o  p o s s i b l e  t h a t  t h e  f i l m  s t r u c t u r e  m ay  
c o n s i s t  o f  a  c o m p le x  a r r a n g e m e n t  o f  tw o  o r  m o re  o f  t h e s e  p h a s e s . I n  
o r d e r  t o  a i d  c l a r i t y  t o o  t h e  d i s c u s s i o n ,  e a c h  o f '  t h e  p o s s i b i l i t i e s  
m e n t io n e d  a b o v e  w i l l  b e  a n a ly s e d  i n  t e r m s  o f  t h e  e l e c t r o n i c  t r a n s p o r t  
d a t a  p r e s e n t e d .
( a ) . S u b s t i t u t i o n a l  D o p in g .
A t  f i r s t  s i g h t ,  t h e  c o n d u c t i v i t y  d a t a  o f  f i g u r e  6 . 1 9  s u g g e s t s  
s u b s t i t u t i o n a l  d o p in g  s i n c e  t h e r e  i s  a n  a p p a r e n t  s h i f t  i n  t h e  F e r m i  
l e v e l  p o s i t i o n ,  p r o b a b l y  t o w a r d s  t h e  v a l e n c e  b a n d  m o b i l i t y  e d g e ,  a s  
t h e  A lu m in iu m  c o n c e n t r a t i o n  i s  i n c r e a s e d .  T h is  h y p o t h e s e s  i s  q u i c k l y  
d i s p e l l e d ,  h o w e v e r ,  w h e n  t h e  c o n d u c t i v i t y  d a t a  a r e  c o n s i d e r e d  i n  
c o n j u n c t i o n  w i t h  o p t i c a l  a b s o r p t i o n  m e a s u r e m e n t s .  F i g u r e  6 . 2 3  sh o w s  
t h e  o p t i c a l  g a p  ( E d ) , d e d u c e d  f r o m  f i g u r e  6 . 2 1 ,  p l o t t e d  a s  a  f u n c t i o n  
o f  t h e  d a r k  c o n d u c t i v i t y  a c t i v a t i o n  e n e r g y ,  ( E ^ ) , f o r  a l l  o f  t h e  
s p e c im e n s  c o n s i d e r e d .  I t  i s  i m m e d i a t e l y  e v i d e n t  f r o m  f i g u r e  6 . 2 3  t h a t  
i n  a l l  o f  t h e  A lu m in iu m  d o p e d  f i l m s ,  t h e  c o n d u c t i v i t y  a c t i v a t i o n  
e n e r g y  i s  a r o u n d  h a l f  t h e  m a g n i t u d e  o f  t h e  o p t i c a l  g a p .  Two p o s s i b l e  
e x p l a n a t i o n s  c a n  b e  s u g g e s t e d  i n  o r d e r  t o  a c c o u n t  f o r  t h i s  
o b s e r v a t i o n .  F i r s t l y ,  i f  i t  i s  a s s u m e d  t h a t  t h e  d o m in a n t  c o n d u c t io n
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F i g u r e  6 . 2 3 .  O p t i c a l  g a p  (E Q ) , d e d u c e d  f r o m  f i g u r e  6 . 2 1 ,  p l o t t e d  
a s  a  f u n c t i o n  o f  t h e  d a r k  c o n d u c t i v i t y  a c t i v a t i o n  e n e r g y ,  (E g )  , 
f o r  a l l  o f  t h e  A lu m in iu m  d o p e d  f i l m s .
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p a t h  a t  h ig h  t e m p e r a t u r e s  i s  t h r o u g h  e x t e n d e d  s t a t e s  a t  E c  o r  E ^ ,  t h e n  
i t  m u s t  b e  c o n c lu d e d  t h a t  t h e  o p t i c a l  g a p  d e c r e a s e s  a n d  t h e  F e r m i  
l e v e l  r e m a in s  c l o s e  t o  t h e  m id  -  g a p  p o s i t i o n  a s  t h e  A lu m in iu m  
c o n c e n t r a t i o n  i s  i n c r e a s e d .  S e c o n d ly ,  i f  i t  i s  a s s u m e d  t h a t  t h e  
d o m in a n t  c o n d u c t io n  p a t h  a t  h i g h  t e m p e r a t u r e s  i s  t h r o u g h  l o c a l i s e d  
s t a t e s ,  t h e n  t h e  a c t i v a t i o n  e n e r g y  t o  t h e  c o n d u c t i o n  p a t h  a n d  t h e  
m a g n i t u d e  o f  t h e  o p t i c a l  g a p  m u s t  d e c r e a s e  i n  p r o p o r t i o n  a s  t h e  
A lu m in iu m  c o n c e n t r a t i o n  i s  i n c r e a s e d .  As w i l l  b e  sh o w n  b e l o w ,  i t  i s  
p o s s i b l e  t o  d i f f e r e n t i a t e  b e tw e e n  t h e s e  tw o  c o m p e t in g  e x p l a n a t i o n s  b y  
c o n s i d e r i n g  t h e  t h e r m o e l e c t r i c  p o w e r  d a t a  g e n e r a t e d  f r o m  t h e  m o s t  
h e a v i l y  d o p e d  s p e c im e n .  One f a c t  w h ic h  i s  c l e a r  f r o m  t h e  r e s u l t s  
p r e s e n t e d  i n  t h i s  s e c t i o n ,  h o w e v e r ,  i s  t h a t  s u b s t i t u t i o n a l  d o p in g  i n  
i s o l a t i o n  c a n n o t  a c c o u n t  e n t i r e l y  f o r  a l l  o f  t h e  f e a t u r e s  o b s e r v e d  i n  
t h e  e x p e r i m e n t a l  d a t a .  I t  m u s t t h e r e f o r e  b e  c o n c lu d e d  t h a t  a l t h o u g h  a  
m i n o r i t y  o f  t h e  A lu m in iu m  a to m s  m a y  b e  a c t i n g  a s  s u b s t i t u t i o n a l  
d o p a n t s ,  t h e  m a j o r i t y  m u s t  b e  i n c o r p o r a t e d  i n t o  t h e  S i l i c o n  l a t t i c e  i n  
s u c h  a  m a n n e r  a s  t o  fo r m  a  S i l i c o n  -  A lu m in iu m  a l l o y  o r  p o s s i b l y  a  
" c e r m e t "  s t r u c t u r e .
T he t h e r m o e l e c t r i c  p o w e r  d a t a  sh o w n  i n  f i g u r e  6 . 2 2  a r e  p o s i t i v e  
i n  s i g n  o v e r  t h e  c o m p le t e  t e m p e r a t u r e  r a n g e  i n v e s t i g a t e d .  T h is  
s u g g e s t s  t h a t  t h e  i n c o r p o r a t i o n  o f  A lu m in iu m  a to m s  i n t o  t h e  S i l i c o n  
l a t t i c e  r e s u l t s  i n  a  m a t e r i a l  i n  w h ic h  t h e  e l e c t r o n i c  t r a n s p o r t  
p r o p e r t i e s  a r e  d o m in a t e d  b y  h o l e s .  As w i l l  b e  sh o w n  b e l o w ,  a  
s a t i s f a c t o r y  f i t  t o  t h e  e x p e r i m e n t a l  d a t a  c a n  b e  o b t a i n e d  u s i n g  a  
tw o  -  l e v e l  t r a n s p o r t  m o d e l .  A t  v e r y  h i g h  t e m p e r a t u r e s  (  ^  4 0 0  K ) , 
e x t e n d e d  s t a t e  c o n d u c t i o n  b y  h o l e s  i n  t h e  v a l e n c e  b a n d  d o m in a t e s  t h e  
t r a n s p o r t ,  w h i l e  a t  l o w e r  t e m p e r a t u r e s  t h e  d o m in a n t  c o n d u c t i o n  p a t h  i s
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t h r o u g h  l o c a l i s e d  s t a t e s  s i t u a t e d  b e t w e e n  t h e  F e r m i  l e v e l  a n d  t h e  
v a l e n c e  b a n d  m o b i l i t y  e d g e .
F i g u r e  6 . 1 9  r e v e a l s  t h a t  t h e  c o n d u c t i v i t y  A r r h e n iu s  p l o t  f o r  t h e  
m o s t  h e a v i l y  d o p e d  s p e c im e n  i s  n o t  s i n g l y  a c t i v a t e d  o v e r  t h e  
t e m p e r a t u r e  r a n g e  f o r  w h ic h  t h e r m o e l e c t r i c  p o w e r  d a t a  e x i s t , 
i n d i c a t i n g  t h a t  n o  s i n g l e  c o n d u c t i o n  p a t h  d o m in a t e s  t h e  t r a n s p o r t  i n  
t h i s  t e m p e r a t u r e  r a n g e .  T h is  i m p l i e s  t h a t  t h e  t h e r m o e l e c t r i c  p o w e r  
d a t a  o f  f i g u r e  6 . 2 2 . w i l l  a l s o  b e  a s s o c i a t e d  w i t h  a  c h a n g in g  c o n d u c t i o n  
m e c h a n is m .  As p o i n t e d  o u t  i n  C h a p t e r  2 ,  n o  s i g n i f i c a n c e  c a n  b e  
a t t a c h e d  t o  t h e  s l o p e  o f  t h e  t h e r m o e l e c t r i c  p o w e r  v e r s u s  i n v e r s e  
t e m p e r a t u r e  p l o t  i n  a  t e m p e r a t u r e  r a n g e  w h e r e  t h e  c o n d u c t i o n  p a t h  i s  
c h a n g in g .  H e n c e ,  i n  o r d e r  t o  i n t e r p r e t  t h e  e x p e r i m e n t a l l y  o b s e r v e d  
t h e r m o e l e c t r i c  p o w e r  d a t a ,  a n  e s t i m a t e  m u s t  f i r s t  b e  m a d e  o f  t h e  
c o n d u c t i v i t y  a c t i v a t i o n  e n e r g y  a t  t e m p e r a t u r e s  a b o v e  t h e  c h a n g e  -  o v e r  
r e g i o n .  A l t h o u g h  c o n s i d e r a b l e  u n c e r t a i n t y  e x i s t s  i n  t h i s  r e s u l t ,  a  
c o n d u c t i v i t y  a c t i v a t i o n  e n e r g y  f o r  T  ^  4 0 0  K  o f  E^. =  0 . 5 6  e V  c a n  b e  
d e f i n e d .
I t  i s  n o w  p o s s i b l e  t o  i n t e r p r e t  t h e  t h e r m o e l e c t r i c  p o w e r  d a t a  
u s in g  t h e  c u r v e  sh o w n  i n  t h e  i n s e r t  i n  f i g u r e  6 . 2 2 .  A p p ly in g  a  
s t r a i g h t  l i n e  a p p r o x i m a t i o n  t o  t h e  lo w  t e m p e r a t u r e  t h e r m o e l e c t r i c  
p o w e r  d a t a  l e a d s  t o  a n  a c t i v a t i o n  e n e r g y  o f  E5  =  0 . 1 6  e V  a n d  a n  
i n t e r c e p t  o n  t h e  t h e r m o e l e c t r i c  p o w e r  a x i s  a t  1 / T  =  0  o f  
S0  =  - 0 . 3  mV K 1 .  A t  t e m p e r a t u r e s  g r e a t e r  t h a n  4 0 0  K  i t  i s  e x p e c t e d  
t h a t  t h e  t h e r m o e l e c t r i c  p o w e r  d a t a  w i l l  a p p r o a c h  t h e  l i n e  w i t h  
a c t i v a t i o n  e n e r g y  Eg =  0 . 5 6  e V  a n d  i n t e r c e p t  Sc  =  - 0 . 3  mV K  a s  
i n d i c a t e d  i n  f i g u r e  6 . 2 2 .  T h is  i s  d u e  t o  t h e  f a c t  t h a t  f o r  e x t e n d e d
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s t a t e  c o n d u c t io n  S 0  s h o u ld  e q u a l  t h e  i n t e r c e p t  d e d u c e d  f o r  l o c a l i s e d  
s t a t e  t r a n s p o r t ,  a n d  E 5  = E ^ ,  ( s e e  S e c t i o n  2 . 4 ) .  T h u s ,  t h e  d o t t e d  
l i n e  i n d i c a t e s  t h e  t h e r m o e l e c t r i c  p o w e r  d a t a  t h a t  m i g h t  b e  e x p e c t e d  i f  
t h e  t e m p e r a t u r e  r a n g e  o f  m e a s u r e m e n t  w e r e  t o  b e  e x t e n d e d ,  w h i l e  t h e  
s o l i d  l i n e  d e p i c t s  t h e  a c t u a l  e x p e r i m e n t a l  d a t a  o b t a i n e d .  I t  c a n  b e  
s e e n  f r o m  f i g u r e  6 . 2 2  t h a t  t h i s  tw o  -  l e v e l  t r a n s p o r t  m o d e l  p r o v i d e s  a  
s a t i s f a c t o r y  f i t  t o  t h e  e x p e r i m e n t a l  d a t a  o v e r  t h e  t e m p e r a t u r e  r a n g e  
o f  i n t e r e s t .  An a d d i t i o n a l  p i e c e  o f  i n f o r m a t i o n  w h ic h  c a n  b e  i n f e r r e d  
f r o m  t h e s e  e x p e r i m e n t a l  m e a s u r e m e n ts  i s  t h a t  t h e r e  i s  a  h o p p in g  e n e r g y  
o f  a p p r o x i m a t e l y  W =  E -  E s  =  0 . 2  e V  a s s o c i a t e d  w i t h  t h e  c o n d u c t i o n  
p a t h  t h r o u g h  t h e  l o c a l i s e d  s t a t e s .
T u r n in g  n ow  t o  t h e  c o n d u c t i v i t y  p r e  -  e x p o n e n t i a l  ( & £ )  f o r  a l l  o f  
t h e  A lu m in iu m  d o p e d  f i l m s ,  i t  c a n  b e  s e e n  f r o m  t a b l e  6 . 3  t h a t  ( %  l i e s  
i n  t h e  r a n g e  5 t o  3 0  ( J L  cm )***. T h is  r a n g e  i s  o n  t h e  l o w e r  l i m i t  
e x p e c t e d  f o r  e x t e n d e d  s t a t e  c o n d u c t i o n  b u t  i s  a b o u t  1 t o  2 o r d e r s  o f  
m a g n i t u d e  l a r g e r  t h a n  t h e  p r e  -  e x p o n e n t i a l  e x p e c t e d  f o r  a  h o p p in g  
m e c h a n is m  ( s e e  S e c t i o n  2 . 1 ) .  T h is  s u g g e s t s  t h a t  t h e r e  i s  a  p r o b le m  
a s s o c i a t e d  w i t h  t h e  i n t e r p r e t a t i o n  o f  t h e  c o n d u c t i v i t y  d a t a  a r o u n d  t h e  
ro o m  t e m p e r a t u r e  r e g i o n  u s in g  a  h o p p in g  m e c h a n is m . H o w e v e r ,  e x t e n d e d  
s t a t e  t r a n s p o r t  a p p e a r s  a l s o  t o  b e  r u l e d  o u t  d u e  t o  t h e  f i n i t e  
d i f f e r e n c e  b e tw e e n  t h e  t h e r m o e l e c t r i c  p o w e r  a n d  t h e  c o n d u c t i v i t y  
a c t i v a t i o n  e n e r g i e s ,  a n d  d u e  t o  t h e  t r a n s i t i o n  a t  v e r y  h ig h  
t e m p e r a t u r e s  t o  a  r e g i o n  o f  l a r g e r  a c t i v a t i o n  e n e r g y ,  ( i n  t h e  m o s t  
h e a v i l y  d o p e d  f i l m ) .
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A n d e r s o n  a n d  P a u l  ( 2 0 )  a p p r o a c h e d  t h i s  p r o b le m  a n d  s u g g e s t e d  t h a t  
i m p u r i t y  r e l a t e d  d e f e c t  s t a t e s  i n  t h e s e  h e a v i l y  d o p e d  s p e c im e n s  m a y  b e  
p a r t i a l l y  o r  e v e n  c o m p l e t e l y  d e l o c a l i s e d .  S u ch  a  s i t u a t i o n  w o u ld  l e a d  
t o  a n  " a p p a r e n t  h o p p in g  c o n d u c t i v i t y  p r e  -  e x p o n e n t i a l "  m u c h  l a r g e r  
t h a n  t h a t  t h e o r e t i c a l l y  e x p e c t e d  f r o m  a  p h o n o n  a s s i s t e d  h o p p in g  
p r o c e s s .  A l t h o u g h  t h i s  p o s s i b i l i t y  a p p e a r s  t o  b e  i n c o n s i s t e n t  w i t h  
t h e  f a i r l y  l a r g e  d i f f e r e n c e  b e tw e e n  E^- a n d  o b s e r v e d  i n  p r a c t i c e ,  
A n d e r s o n  a n d  P a u l  ( 2 1 )  h a v e  sh o w n  t h a t  t h e  d i f f e r e n c e  b e t w e e n  E ^ -a n d  
E ^  ( i n  u n d o p e d  a  -  S i : H )  c a n  b e  c o r r e l a t e d  w i t h  s t r u c t u r a l
i n h o m o g e n e i t i e s  a n d  d o e s  n o t  n e c e s s a r i l y  i m p ly  a  f i n i t e  m o b i l i t y  
a c t i v a t i o n  e n e r g y .  A  s i m i l a r  a r g u m e n t  c a n  t h e r e f o r e  b e  a p p l i e d  
f a v o r a b l y  t o  t h e  e x p e r i m e n t a l  d a t a  p r e s e n t e d  i n  t h i s  s t u d y ,  s i n c e  a s  
d is c u s s e d  i n  s e c t i o n  6 . 5 . 1 ,  t h e  A lu m in iu m  d o p e d  f i l m s  d e p o s i t e d  i n  
t h i s  l a b o r a t o r y  h a v e  b e e n  f o u n d  t o  c o n t a i n  s i g n i f i c a n t  s t r u c t u r a l  
i n h o m o g e n e i t i e s  w h ic h  c o u ld  a c c o u n t  f o r  t h e  f i n i t e  d i f f e r e n c e  b e tw e e n  
E ^ -  a n d  E ^ .  I t  c a n  t h e r e f o r e  b e  c o n c lu d e d  t h a t  a  p a r t i a l l y  o r  e v e n  
c o m p l e t e l y  d e l o c a l i s e d  i m p u r i t y  b a n d  m a y  e x i s t  a b o v e  t h e  v a l e n c e  b a n d  
m o b i l i t y  e d g e  i n  t h e s e  h e a v i l y  A lu m in iu m  d o p e d  s p e c im e n s .
( b ) . S i l i c o n  -  A lu m in iu m  A l l o y .
Ih e  a b o v e  d i s c u s s i o n  s u g g e s t s  t h a t  t h e  c r e a t i o n  o f  a  S i l i c o n  -  
A lu m in iu m  a l l o y  i s  a  l i k e l y  p r o p o s i t i o n .  T he e x p e r i m e n t a l  d a t a  
s u g g e s t  t h a t  t h e  o p t i c a l  g a p  o f  t h i s  a l l o y  i s  c r i t i c a l l y  d e p e n d e n t  
u p o n  t h e  a t o m ic  r a t i o  o f  S i l i c o n  t o  A lu m in iu m ,  t h e  o p t i c a l  g a p  
d e c r e a s i n g  w i t h  i n c r e a s i n g  A lu m in iu m  c o n c e n t r a t i o n .  C o n d u c t i v i t y  d a t a  
a r e  i n  a g r e e m e n t  w i t h  o p t i c a l  g a p  m e a s u r e m e n ts  i n  t h a t  t h e
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c o n d u c t i v i t y  a c t i v a t i o n  e n e r g y  i s  fo u n d  t o  d e c r e a s e ,  a n d  t h e  m e a s u r e d  
c o n d u c t i v i t y  a t  a l l  t e m p e r a t u r e  i n c r e a s e ,  w i t h  i n c r e a s i n g  A lu m in iu m  
c o n c e n t r a t i o n .  T h e r m o e l e c t r i c  p o w e r  i n  c o n j u n c t i o n  w i t h  c o n d u c t i v i t y  
m e a s u r e m e n t s ,  s u g g e s t  t h a t  e l e c t r o n i c  t r a n s p o r t  a r o u n d  ro o m  
t e m p e r a t u r e  i n  t h i s  a l l o y  m ay  b e  c o n t r o l l e d  b y  c h a r g e  t r a n s f e r  t h r o u g h  
a  p a r t i a l l y  o r  e v e n  c o m p l e t e l y  d e l o c a l i s e d  i m p u r i t y  b a n d .  T h e  m a jo r  
dow n -  f a l l  o f  t h i s  p r o p o s i t i o n  i s  t h a t  s t r u c t u r a l  m e a s u r e m e n ts  r e v e a l  
a  tw o  p h a s e  m i x t u r e  c o n s i s t i n g  o f  c r y s t a l l i n e  A lu m in iu m  i s l a n d s  
e m b e d d e d  w i t h i n  a n  a m o rp h o u s  S i l i c o n  b a c k g r o u n d  l a t t i c e .  I n  p r a c t i c e ,  
h o w e v e r ,  t h e  s i t u a t i o n  m a y  b e  c o n s i d e r a b l y  m o re  c o m p le x .  I t  i s  
p r o b a b l e  t h a t  c r y s t a l l i n e  A lu m in iu m  i s l a n d s  e x i s t ,  b u t  t h e  b a c k g r o u n d  
l a t t i c e  m a y  b e  a n  A lu m in iu m  -  S i l i c o n  a l l o y  i n  w h ic h  a  m i n o r i t y  o f  t h e  
A lu m in iu m  a to m s  a c t  a s  s u b s t i t u t i o n a l  d o p a n t s .  I n  t h e  d i s c u s s i o n  
b e l o w ,  h o w e v e r ,  i t  w i l l  b e  s u g g e s t e d  t h a t  t h e  c r y s t a l l i n e  A lu m in iu m  
i s l a n d s  d o  n o t  h a v e  a  m a jo r  i n f l u e n c e  o n  t h e  m e a s u r e d  e l e c t r o n i c  
t r a n s p o r t  p r o p e r t i e s  o f  t h e s e  A lu m in iu m  d o p e d  f i l m s .
( c ) . C e rm e t  S t r u c t u r e .
E l e c t r o n i c  c o n d u c t io n  i n  c e r m e t  f i l m s  c a n  b e  d i v i d e d  i n t o  tw o  
w e l l  -  d e f i n e d  c a t e g o r i e s .  F i r s t l y ,  i n  t h e  m e t a l l i c  r e g i m e , t h e  
m a t e r i a l  b e h a v e s  l i k e  a  " d i r t y "  m e t a l ;  t h e  r e s i s t i v i t y  i s  r e l a t i v e l y  
lo w  a n d  t h e  t e m p e r a t u r e  c o e f f i c i e n t  o f  r e s i s t a n c e  (T C R )  i s  p o s i t i v e .  
T he c o n d u c t i v i t y  i s  d e t e r m in e d  b y  s c a t t e r i n g  o f  e l e c t r o n s  a n d  b y  t h e  
g e o m e t r ic  c o n s t r a i n t s  o f  t h e  c u r r e n t  f l o w  d u e  t o  t h e  m e a n d e r in g  
s t r u c t u r e  o f  t h e  m e t a l l i c  c o n t in u u m .  A t r a n s i t i o n  t o  t h e  d i e l e c t r i c
r e g im e  r e s u l t s  f r o m  t h e  b r e a k  u p  o f  t h e  m e t a l l i c  c o n t in u u m  i n t o
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i s o l a t e d  m e t a l  i s l a n d s .  I n  t h i s  r e g i m e ,  t h e  c o n d u c t i v i t y  r e s u l t s  f r o m  
t u n n e l i n g  o f  e l e c t r o n s  b e tw e e n  i s o l a t e d  m e t a l  g r a i n s ; t h e  r e s i s t i v i t y  
i s  h i g h  a n d  t h e  TCR n e g a t i v e .  M e a s u r e m e n ts  o n  c e r m e t  f i l m s  c o n s i s t i n g  
o f  G o ld  o r  S i l v e r  i n  a  S i  0 ^  m a t r i x  ( 2 2 )  h a v e  sh o w n  t h a t  t h e  
t r a n s i t i o n  f r o m  t h e  m e t a l l i c  t o  t h e  d i e l e c t r i c  r e g im e  o c c u r s  a t  a  
m e t a l  c o n c e n t r a t i o n  o f  a r o u n d  4 0  %. H o w e v e r ,  t h i s  f i g u r e  i s  v a r i a b l e ,  
a n d  i s  c r i t i c a l l y  d e p e n d e n t  u p o n  t h e  d e t a i l s  o f  f i l m  p r e p a r a t i o n ,  a n d  
u p o n  t h e  c h e m ic a l  p r o p e r t i e s  o f  t h e  c o n s t i t u e n t  p a r t s  o f  t h e  c e r m e t .
F o r  t h e  m a t e r i a l  p r e p a r e d  i n  t h i s  l a b o r a t o r y  i t  i s  s u g g e s t e d  t h a t  
c e r m e t  t r a n s p o r t  i n  t h e  d i e l e c t r i c  r e g im e  d o e s  n o t  p r o v i d e  a  r e a l i s t i c  
e x p l a n a t i o n  f o r  t h e  e x p e r i m e n t a l  d a t a .  T h is  i s  m a i n l y  d u e  t o  t h e  f a c t  
t h a t  a n y  c r y s t a l l i n e  A lu m in iu m  i s l a n d s  w h ic h  do  e x i s t  i n  t h e  h o s t  
l a t t i c e  w i l l  b e  i n t e r  -  c o n n e c t e d  t o  m a n y  o t h e r  m e t a l  i s l a n d s  b y  a  
r e l a t i v e l y  c o n d u c t i v e  S i l i c o n  -  A lu m in iu m  a l l o y .  T h u s ,  i n s t e a d  o f  
e l e c t r o n s  ( o r  h o l e s )  h a v in g  t o  t u n n e l  f r o m  o n e  m e t a l  i s l a n d  t o  t h e  
n e x t ,  ( a s  o c c u r s  i n  r e a l  c e r m e t  f i l m s ) ,  c h a r g e  t r a n s p o r t  b e t w e e n  m e t a l  
i s l a n d s  c a n  t a k e  p la c e  b y  c o n d u c t i o n  t h r o u g h  t h e  s e m ic o n d u c t in g  a l l o y ,  
a s  p r e v i o u s l y  d e s c r i b e d .  U n d e r  t h e s e  c o n d i t i o n s ,  t h e  e l e c t r o n i c  
t r a n s p o r t  p r o p e r t i e s  o f  t h e  s p e c im e n  w i l l  b e  d o m in a t e d  b y  t h e  m a t e r i a l  
o f  h i g h e s t  r e s i s t i v i t y ,  w h ic h  i n  a l l  c a s e s  w i l l  b e  t h e  S i l i c o n  -  
A lu m in iu m  a l l o y .  T h u s ,  i t  i s  p r o p o s e d  t h a t  e v e n  a l t h o u g h  t h e r e  m a y  b e  
s i g n i f i c a n t  n u m b e rs  o f  m e t a l l i c  i s l a n d s  w i t h i n  t h e  m a t e r i a l  u n d e r  
t e s t ,  t h e  e l e c t r o n i c  t r a n s p o r t  p r o p e r t i e s  o f  t h e  b a c k g r o u n d  l a t t i c e  
w i l l  a lw a y s  b e  e x p e r i m e n t a l l y  r e v e a l e d ,  e x c e p t  u n d e r  t h e  c o n d i t i o n s  
w h e re  a  m e t a l l i c  c o n t in u u m  e x t e n d s  b e tw e e n  t h e  tw o  t e s t  e l e c t r o d e s .
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6 . 7  C O N C LU S IO N S
I n  t h i s  s e c t i o n  i t  h a s  b e e n  sh o w n  t h a t  t h e  e l e c t r o n i c  t r a n s p o r t  
p r o p e r t i e s  o f  c o  -  s p u t t e r e d  S i l i c o n  -  A lu m in iu m  f i l m s  c a n  b e  
i n t e r p r e t e d  i n  t e r m s  o f  a n  a l l o y  w i t h  s e m ic o n d u c t in g  c h a r a c t e r i s t i c s .  
I t  h a s  b e e n  s u g g e s t e d  t h a t  e v e n  a l t h o u g h  t h e r e  m a y  b e  a  l a r g e  n u m b e r  
o f  c r y s t a l l i n e  A lu m in iu m  i s l a n d s  w i t h i n  t h e  f i l m s ,  t h e s e  c r y s t a l l i t e s  
w i l l  o n l y  h a v e  a  m in o r  i n f l u e n c e  o n  t h e  m e a s u r e d  e l e c t r o n i c  t r a n s p o r t  
p r o p e r t i e s .  I t  i s  f u r t h e r  s u g g e s t e d  t h a t  i n  o r d e r  t o  o b t a i n  a  b e t t e r  
u n d e r s t a n d in g  o f  t h e  e l e c t r o n i c  p r o c e s s e s  o c c u r r i n g  i n  t h e s e  f i l m s ,  a  
d e t a i l e d  s t r u c t u r a l  a n d  c h e m ic a l  a n a l y s i s  m u s t  b e  p e r f o r m e d  o n  
s p e c im e n s  w h ic h  a r e  d i m e n s i o n a l l y  s i m i l a r  t o  t h o s e  u s e d  f o r  t h e  
c o l l e c t i o n  o f  e l e c t r o n i c  t r a n s p o r t  d a t a .  C o n s i d e r a b l e  w o r k ,  
t h e r e f o r e ,  s t i l l  r e m a in s  t o  b e  u n d e r t a k e n  i n  t h i s  a r e a .
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6 . 8  A N T IM O N Y  DOPED AMORPHOUS S IL IC O N  -  R ESU LTS
S p e c im e n s  o f  A n t im o n y  d o p e d  a  -  S i : H  w e r e  p r e p a r e d  b y  
c o  -  s p u t t e r i n g  s p h e r e s  o f  9 9 . 9 9 9  % p u r e  A n t im o n y  s h o t  w i t h  a  
p o l y c r y s t a l l i n e  S i l i c o n  t a r g e t .  B o th  t h e  m e th o d  o f  c o  -  s p u t t e r i n g  
a n d  t h e  s p u t t e r i n g  c o n d i t i o n s  u s e d  f o r  a l l  o f  t h e  d e p o s i t i o n s  w e r e  t h e  
sam e a s  d e s c r i b e d  i n  S e c t i o n  6 . 5 .
S t r u c t u r a l  m e a s u r e m e n ts  w e r e  c a r r i e d  o u t  o n  tw o  r e p r e s e n t a t i v e  
d o p e d  s p e c im e n s  u s in g  a  t r a n s m i s s i o n  e l e c t r o n  m ic r o s c o p e  a n d  a  r a n g e  
o f  e l e c t r o n i c  t r a n s p o r t  m e a s u r e m e n ts  w e r e  p e r f o r m e d .  R e s u l t s  f r o m  
d a r k  d . c .  c o n d u c t i v i t y  a n d  o p t i c a l  a b s o r p t i o n  e x p e r i m e n t s  w e r e  
o b t a in e d  f o r  e a c h  o f  t h e  d o p e d  s p e c im e n s . D ue t o  v e r y  s m a l l  s i g n a l  
l e v e l s ,  i t  w a s  n o t  p o s s i b l e  t o  o b t a i n  s t e a d y  s t a t e  o r  t r a n s i e n t  
p h o t o c o n d u c t i v i t y  m e a s u r e m e n ts  f r o m  t h e  m o s t  h e a v i l y  d o p e d  s p e c im e n .  
No t h e r m o e l e c t r i c  p o w e r  m e a s u r e m e n ts  w e r e  o b t a i n e d  d u e  t o  t h e  l a r g e  
l e v e l  o f  e l e c t r i c a l  n o i s e  p i c k  -  u p .
N o t e . I n  s e c t i o n  6 . 5 . 1  i t  w as s t a t e d  t h a t  v e r y  l i g h t l y  A lu m in iu m  
d o p e d  s p e c im e n s  o f  a  -  S i : H  c o u ld  n o t  b e  s u c c e s s f u l l y  d e p o s i t e d  d u e  t o  
t h e  f i l m s  f l a k i n g  f r o m  t h e  s u b s t r a t e .  I b i s  f l a k i n g  p h e n o m e n o n  w a s  n o t  
o b s e r v e d  w i t h  A n t im o n y  d o p e d  f i l m s  a n d  i t  w a s  t h e r e f o r e  p o s s i b l e  t o  
p r o d u c e  v e r y  l i g h t l y  d o p e d  m a t e r i a l  f r o m  w h ic h  p h o t o c o n d u c t i v i t y  d a t a
c o u ld  b e  o b t a i n e d .
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6 . 8 . 1  STRUCTURE
The s t r u c t u r e  o f  tw o  A n t im o n y  d o p e d  s p e c im e n s  i n  t h e  t h i c k n e s s  
r a n g e  1 0 0  t o  2 0 0  A n g s tro m s  w e r e  i n v e s t i g a t e d .  The s p e c im e n s  w e r e  
p r e p a r e d  u s in g  ( a )  1 . 2  % a n d  ( b )  0 . 6  % o f  t h e  a c t i v e  s u r f a c e  a r e a  o f  
t h e  t a r g e t  c o v e r e d  w i t h  A n t im o n y .  X  -  r a y  m i c r o a n a l y s e s  o f  t h e  f i l m s  
r e v e a l e d  t h a t  t h e  a t o m ic  p e r c e n t  o f  A n t im o n y  i n  t h e  d e p o s i t e d  m a t e r i a l  
w a s  l e s s  t h a n  a b o u t  o n e  h a l f  o f  t h e  f i g u r e s  d e d u c e d  f r o m  t a r g e t  
c o v e r a g e  c a l c u l a t i o n s .  T h is  s u g g e s t s  t h a t ,  t o  a  f i r s t  a p p r o x i m a t i o n ,  
t h e  s p u t t e r i n g  r a t e  o f  S i l i c o n  i s  m o re  t h a n  t w i c e  t h e  s p u t t e r i n g  r a t e  
o f  A n t im o n y .  I n  t h e  f o l l o w i n g  d i s c u s s i o n ,  t h e r e f o r e ,  i t  w i l l  b e  
a s s u m e d  t h a t  t h e  a t o m ic  p e r c e n t  o f  A n t im o n y  i n  t h e  d e p o s i t e d  f i l m s  i s  
o n e  h a l f  o f  t h e  f i g u r e  d e d u c e d  f r o m  t a r g e t  c o v e r a g e  c a l c u l a t i o n s .  
X  -  r a y  m i c r o a n a l y s e s  a l s o  r e v e a l e d  A r s e n i c  a n d  S e le n iu m  i m p u r i t i e s  i n  
t h e  f i l m s ,  t h e  c o n c e n t r a t i o n s  o f  w h ic h  v a r i e d  f r o m  s p e c im e n  t o  
s p e c im e n  o v e r  t h e  r a n g e  1 t o  3 a t .  %.
O b s e r v a t io n s  o f  t h e  f i l m  s t r u c t u r e  u s in g  a  t r a n s m i s s i o n  e l e c t r o n  
m ic r o s c o p e  r e v e a l e d  t h a t  b o t h  s p e c im e n s  a r e  h o m o g e n e o u s  d ow n  t o  a  
r e s o l u t i o n  o f  5 0  A n g s t r o m s .  E l e c t r o n  d i f f r a c t i o n  a n a l y s e s  o f  t h e  
s p e c im e n s  p r o d u c e d  a  d i f f r a c t i o n  p a t t e r n  c o n s i s t i n g  o f  t h r e e  b r o a d  
d i f f u s e  h a l o s ,  n o r m a l l y  e x p e c t e d  f r o m  a n  a m o rp h o u s  m a t e r i a l .  T h e s e  
o b s e r v a t i o n s  s u g g e s t  t h a t  A n t im o n y  i s  e n t e r i n g  t h e  a m o rp h o u s  S i l i c o n  
l a t t i c e  i n  a h o m o g e n e o u s  m a n n e r .
Page 217
6 . 8 . 2  DARK D . C .  C O N D U C T IV IT Y .
F i g u r e  6 . 2 4  sh o w s  a n  A r r h e n iu s  p l o t  o f  t h e  c o n d u c t i v i t y  f o r  a l l  
o f  t h e  A n t im o n y  d o p e d  s p e c im e n s  d e p o s i t e d .  T a b le  6 . 4  g iv e s  d e t a i l s  o f  
t h e  e s t i m a t e d  A n t im o n y  c o n t e n t  o f  e a c h  f i l m  t o g e t h e r  w i t h  t h e  
c o r r e s p o n d in g  ro o m  t e m p e r a t u r e  c o n d u c t i v i t y  a n d  t h e  c o n d u c t i v i t y  
p r e  -  e x p o n e n t i a l  a n d  a c t i v a t i o n  e n e r g y .  I n c l u d e d  i n  f i g u r e  6 . 2 4  a r e  
c o n d u c t i v i t y  d a t a  o b t a i n e d  f r o m  a  r e p r e s e n t a t i v e  u n d o p e d  s p e c im e n  
p r e p a r e d  u n d e r  t h e  sam e d e p o s i t i o n  c o n d i t i o n s  a s  u s e d  f o r  a l l  o f  t h e  
d o p e d  m a t e r i a l .
I t  c a n  b e  s e e n  f r o m  f i g u r e  6 . 2 4  t h a t  a t  lo w  d o p a n t  l e v e l s  
( s p e c im e n s  •  , < >  a n d  □  )  t h e r e  i s  n o  s i g n i f i c a n t  d i f f e r e n c e  b e tw e e n  
t h e  c o n d u c t i v i t y  A r r h e n iu s  p l o t s  o b t a i n e d  f r o m  t h e  d o p e d  a n d  f r o m  t h e  
u n d o p e d  m a t e r i a l .  A l l  o f  t h e s e  c u r v e s  a r e  s i n g l y  a c t i v a t e d  o v e r  t h e  
c o m p le t e  t e m p e r a t u r e  r a n g e  o f  m e a s u r e m e n t ,  w i t h  a n  a c t i v a t i o n  e n e r g y  
i n  t h e  r a n g e  0 . 7 6  t o  0 . 7 9  e V ,  a n d  a  c o n d u c t i v i t y  p r e  -  e x p o n e n t i a l
3 £i.
r a n g i n g  f r o m  2 /  1 0  t o  4  X  10  ( A  cm ) . A  s i g n i f i c a n t  c h a n g e  o c c u r s  
i n  t h e  c o n d u c t i v i t y  A r r h e n iu s  p l o t  w i t h  t h e  a d d i t i o n  o f  0 . 6  a t .  % 
A n t im o n y  t o  t h e  a  -  S i : H  ( s p e c im e n  O  ) .  T h is  s p e c im e n  y i e l d s  tw o  w e l l  
d e f i n e d  c o n d u c t i v i t y  a c t i v a t i o n  e n e r g i e s ;  a t  h ig h  t e m p e r a t u r e  0 . 6 2  e V  
a n d  a t  lo w  t e m p e r a t u r e s  0 . 3 0  e V .  No s i g n i f i c a n t  c h a n g e  o c c u r s  i n  t h e  
c o n d u c t i v i t y  p r e  -  e x p o n e n t i a l  d e d u c e d  f r o m  t h e  h i g h  t e m p e r a t u r e  s lo p e  
( 6  X  1 0 3 ( J L c m ) * ) ,  h o w e v e r ,  t h i s  l y i n g  i n  t h e  r a n g e  o b t a i n e d  f o r  t h e  
m o re  l i g h t l y  d o p e d  f i l m s .  T h e  a d d i t i o n  o f  a p p r o x i m a t e l y  0 . 6  a t .  % 
A n t im o n y  t o  t h e  a  -  S i : H  i s  s e e n  t o  i n c r e a s e  t h e  ro o m  t e m p e r a t u r e  
c o n d u c t i v i t y  b y  a b o u t  4  o r d e r s  o f  m a g n i t u d e .
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Figure 6 . 24 . A rrenius p lo t  o f  th e  c o n d u c t iv ity  fo r  fou r  
Antimony doped f ilm s  o f  a -S i:H . Specimen d e t a i l s  are g iv e n  
in  ta b le  6 . 4 .
S p e c im e n I m p u r i t y  
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T a b l e  6 . 4 .
D e ta ils  o f  Antimony doped specim ens o f  a -S i:H  
in v e s t ig a te d  in  t h i s  stu d y .
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6 . 8 . 3  O P T IC A L  A B S O R P TIO N
F i g u r e  6 . 2 5  sh o w s t h e  o p t i c a l  a b s o r p t i o n  c o e f f i c i e n t  (oO  > p l o t t e d  
a s  a  f u n c t i o n  o f  p h o t o n  e n e r g y  ( h i ) )  f o r  a l l  o f  t h e  A n t im o n y  d o p e d  
s p e c im e n s  p r e p a r e d .  T h e  sam e d a t a  a r e  p r e s e n t e d  i n  f i g u r e  6 . 2 6
i t  c a n  b e  s e e n  t h a t  i n  t h e  h ig h  a b s o r p t i o n  r e g i o n  a l l  o f  t h e  d a t a  f i t  
w e l l  t o  t h e  q u a d r a t i c  r e l a t i o n s h i p  d e s c r i b e d  b y  e q u a t i o n  6 . 1 7 ,  a n d  a n  
o p t i c a l  g a p ,  E OJ c a n  b e  d e f i n e d  f o r  e a c h  o f  t h e  f i l m s .  Ih e  d e d u c e d  
o p t i c a l  g a p s  a r e  sh o w n  i n  t h e  i n s e r t  i n  f i g u r e  6 . 2 6 .  F ro m  f i g u r e s
6 . 2 5  a n d  6 . 2 6  i t  c a n  a l s o  b e  s e e n  t h a t  t h e  o p t i c a l  a b s o r p t i o n  e d g e  
s h i f t s  m o n o t o n i c a l l y  t o w a r d s  l o w e r  p h o t o n  e n e r g i e s  w i t h  i n c r e a s i n g  
f i l m  d o p a n t  c o n c e n t r a t i o n .
F i g u r e  6 . 2 7  s h o w s  p l o t s  o f  t h e  s t e a d y  s t a t e  p h o t o c u r r e n t  v e r s u s  
i n v e r s e  t e m p e r a t u r e  f o r  t h e  0 . 1 ,  0 . 2  a n d  0 . 3  a t .  % A n t im o n y  d o p e d  
s p e c i m e n s . .  D ue t o  t h e  v e r y  s m a l l  s i g n a l  l e v e l s  n o  r e s u l t s  w e r e  
o b t a in e d  f r o m  t h e  m o s t  h e a v i l y  d o p e d  f i l m  ( 0 . 6  a t .  % A n t i m o n y ) .  F o r  
c o m p a r is o n ,  c u r v e  1  i s  a  p l o t  o f  t h e  p h o t o c u r r e n t  v e r s u s  i n v e r s e  
t e m p e r a t u r e  f o r  t h e  " w o r s t "  u n d o p e d  s p e c im e n  p r e p a r e d  ( s e e  f i g u r e  
6 . 1 3 ) .
r e  -  p l o t t e d p h o t o n  e n e r g y .  F ro m  f i g u r e  6 . 2 6
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F i g u r e  6 . 2 5 .  O p t i c a l  a b s o r p t i o n  v e r s u s  p h o t o n  e n e r g y  f o r  
A n t im o n y  d o p e d  f i l m s  o f  a - S i : H .  S p e c im e n  d e t a i l s  a r e  g i v e n  
i n  t a b l e  6 . 4 .
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Figure 6.27. Photocurrent versus inverse temperature for 
Antimony doped films of a-Si:H. For comparison, the undoped 
specimen with the lowest photoconductivity is shown. 
Activation energies deduced from the high temperature 
linear regions are given in the figure.
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F igu re  6 .27  r e v e a ls  two tem p eratu re  r e g io n s  fo r  a l l  o f  th e  doped 
sp ec im e n s . At h ig h  tem p era tu res  th e  p h o to cu rren t p l o t s  are s in g ly  
a c t iv a t e d  w ith  a c t iv a t io n  e n e r g ie s  in  th e  range 0 .2 1  t o  0 .2 8  eV. At 
low  tem p eratu res th e  p h o to cu rren t p lo t s  d i s p la y  c o n tin u o u s  c u r v a tu re  
tow ards low er e f f e c t i v e  a c t i v a t io n  e n e r g ie s  w ith  d e c r e a s in g  
tem p era tu re . The m agnitude o f  th e  p h o to cu rren t a t  a l l  tem p era tu res  
d e c r e a s e s  m o n o to n ic a lly  w ith  in c r e a s in g  dopant c o n c e n tr a t io n . The 
a d d it io n  o f  a p p ro x im a te ly  0 .3  a t .  % Antimony to  th e  a -  S i:H  i s  se en  
to  reduce th e  room tem peratu re p h o to c u r r en t by betw een  3 and 6 o rd ers  
o f  m agnitude (com pared w ith  th e  v a r io u s  c u r v e s  o f  f ig u r e  6 .1 3 ) .
6 .8 .5  TRANSIENT PHOTOCONDUCTIVITY
F igu re  6 .2 8  shows p lo t s  o f  th e  c a r r ie r  d r i f t  m o b i l i t y  and th e
tra p  l im it e d  c a r r ie r  l i f e t i m e  v e r s u s  in v e r s e  tem p eratu re  fo r  th e  m ost
l i g h t l y  doped f i lm  o f  a -  S i:H  ( 0 .1  a t .  % A ntim ony). A ga in , due to
v e r y  sm a ll s ig n a l  l e v e l s ,  no t r a n s ie n t  p h o to c o n d u c t iv ity  d a ta  co u ld  be
o b ta in ed  fo r  th e  more h e a v i ly  doped sp e c im e n s . From f ig u r e  6 .2 8  i t
can be se en  th a t  th e  m o b i l i t y  i s  s in g ly  a c t iv a t e d  over th e  e n t ir e
tem peratu re range i n v e s t ig a t e d ,  w ith  an a c t i v a t io n  en erg y  o f
y -  0 .3 9  eV. The room tem p era tu re  m o b i l i t y  i s  a p p ro x im a te ly
- so a, *i -i
5 )( 10 cm V s , t h i s  v a lu e  b e in g  about th r e e  o rd ers  o f  m agnitude low er
than th e  lo w e s t  room tem p eratu re  m o b i l i t y  ob served  in  th e  undoped
-3
m a te r ia l .  The tra p  l im it e d  c a r r i e r  l i f e t i m e  l i e s  in  th e  range 3 X 10 
to  2 X 10 se c o n d s . These v a lu e s  are  com parable w ith  th e  lo n g e s t
l i f e t i m e s  ob served  in  th e  undoped m a t e r ia l .
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6 .9  DISCUSSION
F ig u re  6 .2 4  r e v e a ls  no s i g n i f i c a n t  change in  th e  dark  d . c .
c o n d u c t iv i t y  o f  a -  S i:H  w ith  th e  a d d it io n  o f  sm a ll am ounts o f
Antimony ( ^ 0 .3  a t .  %). Any r e a l  change in  m a te r ia l
c h a r a c t e r i s t i c s ,  how ever, may be obscured  by th e  la r g e  and v a r ia b le
c o n c e n tr a t io n  o f  A rsen ic  and Selen ium  im p u r it ie s  th a t  have been  found
to  e x i s t  in  th e s e  f i l m s .  For la r g e r  dopant c o n c e n tr a t io n s
( — 0 .6  a t .  %), th e  h ig h  tem p eratu re  c o n d u c t iv i t y  a c t i v a t io n  en ergy
shows a marked d e c r e a se  in  v a lu e  and a new low  tem p eratu re  r e g io n ,
w ith  a w e l l  d e f in e d  a c t iv a t io n  en erg y  o f  0 .3 0  eV, i s  e s t a b l i s h e d .  Ihe
3 -Ila r g e  v a lu e  o f  c o n d u c t iv i t y  pre  -  e x p o n e n t ia l  ( ^ 2 X 1 0  (JX cm) ) 
o b ta in ed  from a l l  o f  th e  doped sp ecim en s s u g g e s t s  th a t  th e  
c o n d u c t iv i t y  i s  dom inated by c a r r i e r s  (assum ed to  be e le c t r o n s )  m oving  
in  ex ten d ed  s t a t e s  a t  Ec . The w e l l  d e f in e d  low  tem p eratu re  a c t i v a t io n  
en ergy  fo r  specim en O , in d ic a t e s  th a t  Antimony doping may in tr o d u c e  
an im p u rity  a s s o c ia t e d  l e v e l  o f  l o c a l i s e d  s t a t e s  in  th e  m o b i l i t y  gap , 
a t  an en ergy  o f  around 0 .3  eV b e low  th e  c o n d u ctio n  band m o b i l i t y  e d g e . 
However, s in c e  no s te a d y  s t a t e  or t r a n s ie n t  p h o to c o n d u c t iv ity  
m easurem ents co u ld  be o b ta in ed  fo r  specim en  O , th e  e x is t e n c e  o f  such  
a l o c a l i s e d  peak co u ld  n o t be v e r i f i e d .
F igu re  6 .2 6  shows th a t  th e  o p t i c a l  gap red u ces w ith  in c r e a s in g  
dopant c o n c e n tr a t io n . By com paring th e  deduced o p t ic a l  g a p , E0 , and 
th e  m easured c o n d u c t iv i t y  a c t i v a t io n  e n e r g y , E^ *, i t  can be e s t a b l i s h e d  
th a t  th e  Fermi l e v e l  i s  s i t u a t e d  around mid -  gap in  a l l  o f  th e  doped 
sp e c im e n s . I t  i s  th e r e fo r e  s u g g e s te d  th a t  Antimony i s  n o t a c t in g  as
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an e f f e c t i v e  s u b s t i t u t io n a l  dopant fo r  th e s e  p a r t ic u la r  sp ecim en s o f  
r . f .  sp u tte r e d  a -  S i:H . I t  i s  proposed  th a t  th e  r e d u c t io n  in  the  
c o n d u c t iv ity  a c t iv a t io n  en erg y  w ith  in c r e a s in g  dopant c o n c e n tr a t io n  i s  
due to  a co rresp o n d in g  r e d u c tio n  in  th e  m agnitude o f  th e  o p t i c a l  g a p . 
I t  th e r e fo r e  seem s l i k e l y  th a t  th e  m a jo r ity  o f  Antim ony atom s are  
e n te r in g  th e  a -  S i:H  l a t t i c e  in  a f u l l y  co -  o r d in a te d  m anner, 
r e s u lt in g  in  th e  d e p o s i t io n  o f  an amorphous S i l i c o n  -  Antim ony a l l o y .  
I t  can thus be e s t a b l i s h e d  th a t  th e  o p t ic a l  gap o f  th e  a l l o y  d e c r e a s e s  
w ith  in c r e a s in g  Antimony c o n c e n tr a t io n .
The s te a d y  s t a t e  p h o to c u r r en t d a ta  o f  f ig u r e  6 .2 7  im ply  a 
d e c r e a s in g  photo -  r e sp o n se  w ith  in c r e a s in g  Antimony c o n c e n tr a t io n .  
This i s  probab ly  due to  an in c r e a s e  in  th e  d e n s i t y  o f  r eco m b in a tio n  
c e n tr e s  a s  th e  Antimony c o n c e n tr a t io n  i s  in c r e a s e d .  From f ig u r e  6 .2 8  
a room tem perature j l / i t  product o f  around 10 * cm V * can be d e f in e d  fo r  
specim en #  . T h is j j ' t  p roduct i s  1 t o  2 o rd ers  o f  m agnitude l e s s  than  
co rresp o n d in g  d a ta  o b ta in ed  from th e  "w orst" undoped m a t e r ia l .  The 
lo n g  tra p  -  l im it e d  c a r r ie r  l i f e t i m e  and th e  sm a ll m easured d r i f t  
m o b il i ty  are prob ab ly  due to  a la r g e  d e n s i ty  o f  tra p p in g  c e n t r e s .
The w e l l  d e f in e d  a c t iv a t io n  e n e r g ie s  o b ta in e d  from th e  
p h otocu rren t A rrhen ius p lo t s  o f  f ig u r e  6 .2 7  can be e x p la in e d  in  term s  
o f  e i t h e r  band to  l o c a l i s e d  or l o c a l i s e d  to  l o c a l i s e d  reco m b in a tio n  
(a s  d e sc r ib e d  in  s e c t io n  6 . 4 . 4 . 1 ) .  The w e l l  d e f in e d  d r i f t  m o b i l i t y  
a c t iv a t io n  en ergy  o f  Ey  = 0 .3 9  eV o b ta in e d  from f ig u r e  6 .2 8 ,  how ever, 
s u g g e s ts  th a t  tra p p in g  c e n tr e s  are  l i k e l y  to  e x i s t  w e l l  b e lo w  th e  
co n d u ctio n  band m o b il i ty  e d g e . In th e  s te a d y  s t a t e  i t  i s  p rob ab le  
th a t  the d e e p e s t  tr a p s  w i l l  c o n ta in  th e  m a jo r ity  o f  th e  p h o to g en era ted
P a g e  2 2 2
charge im p ly in g  th a t  band to  l o c a l i s e d  reco m b in a tio n  may p r o v id e  th e  
b e s t  f i t  to  th e  e x p e r im e n ta l d a ta .
6 .1 0  CONCLUSIONS
C le a r ly ,  i t  has n o t been  p o s s ib le  w ith  th e  l im it e d  d a ta  a v a i la b le  
to  p ro v id e  a d e t a i l e d  in t e r p r e t a t io n  o f  th e  e le c t r o n i c  tr a n sp o r t  
p r o p e r t ie s  o f  th e s e  Antimony doped a -  S i :H f i l m s .  H ow ever, i t  has  
been p o s s ib le  to  i d e n t i f y  some l i k e l y  p r o c e s s e s  w hich  may be 
o c c u r r in g . I t  has been  shown th a t  s u b s t i t u t io n a l  dop ing i s  u n l ik e ly  
to  occur in  t h i s  m a t e r ia l .  More p ro b a b ly , th e  Antimony i s  e n te r in g  
th e  a -  S i:H  l a t t i c e  in  a f u l l y  co -  o r d in a te d  m anner, le a d in g  to  an 
amorphous S i l i c o n  -  Antimony a l l o y .  The o p t ic a l  gap o f  t h i s  a l l o y  has  
been shown to  d e c r e a s e  w ith  in c r e a s in g  Antimony c o n c e n tr a t io n .  
P h o to c o n d u c t iv ity  m easurem ents have su g g e s te d  th a t  th e r e  i s  a d e c r e a se  
in  th e  photo -  r e sp o n se  a s  th e  Antimony c o n c e n tr a t io n  i s  in c r e a s e d .  
This i s  p rob ab ly  due to  an in c r e a s e  in  th e  d e n s i t y  o f  s t a t e s  w ith in  
th e  m o b il i ty  g a p , a s  th e  Antimony c o n c e n tr a t io n  i s  in c r e a s e d .
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CHAPTER 7
CONCLUSIONS
Computer -  based equipm ent has been  d ev e lo p ed  fo r  th e  c a p tu r e  and 
a n a ly s e s  o f  f a s t  t r a n s ie n t  c u r r e n t  p u ls e s  g e n era ted  from a tim e o f  
f l i g h t  e x p e r im en t. The equipm ent has been  th o ro u g h ly  t e s t e d  u s in g  th e  
w e l l  c h a r a c te r is e d  m a te r ia l  amorphous S e len iu m . Time o f  f l i g h t  
m easurem ents o b ta in ed  from amorphous Selen ium  s u g g e s t  th a t  a 
tra p  -  l im it e d  band tr a n sp o r t  m echanism  i s  th e  m ost l i k e l y  to  o c c u r .  
I t  has fu r th e r  been su g g e ste d  th a t  th e  e le c t r o n ic  s tr u c t u r e  o f  
amorphous c h a lc o g e n id e  sem ico n d u cto rs  may be in f lu e n c e d  to  a 
m easu rab le  d egree  by th e  method o f  f i lm  p r e p a r a t io n .
An r . f .  s p u t te r  d e p o s it io n  sy stem  ca p a b le  o f  p rep a r in g  th in  
f i lm s  o f  doped and undoped amorphous S i l i c o n  has been  com m ission ed . 
Dark d . c .  c o n d u c t iv i t y ,  e le c t r o n  d r i f t  m o b i l i t y ,  t r a n s ie n t  and s te a d y  
s t a t e  p h o to c o n d u c t iv ity  and o p t i c a l  a b s o r p t io n  exp er im en ts  have been  
c a r r ie d  o u t on specim ens o f  amorphous S i l i c o n  prepared  in  t h i s  sy s te m . 
Ihe v a r ia t io n  o f  th e  dark d . c .  c o n d u c t iv i t y  w ith  hydrogen p a r t ia l  
p r e ssu r e  has been m easured and found to  be c o n s is t e n t  w ith  s im i la r  
m easurem ents re p o r te d  in  th e  l i t e r a t u r e .  In  g e n e r a l ,  e x p e r im en ta l  
d a ta  o b ta in ed  from specim ens o f  amorphous S i l i c o n  prepared  under  
seem in g ly  i d e n t i c a l  d e p o s it io n  c o n d it io n s  have been  found to  v a ry  
w id e ly  from specim en to  sp ec im en . T his v a r ia t io n  has been in te r p r e te d  
in  term s o f  a d e n s i ty  o f  s t a t e s  d i s t r i b u t io n  which i s  c r i t i c a l l y  
dependent upon th e  c o n d it io n s  o f  f i lm  d e p o s i t io n .  F u r th e r , i t  has
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been proposed  th a t  random amounts o f  im p u rity  atom s w hich have been  
found to  e x i s t  in  specim ens d e p o s ite d  in  t h i s  la b o r a to r y  may have a 
d eterm in in g  in f lu e n c e  on th e  d e n s i t y  o f  s t a t e s  d i s t r i b u t io n  and hence  
on th e  m easured e le c t r o n ic  tr a n sp o r t  p r o p e r t ie s .  E xp erim en ta l d a ta  
have been  in te r p r e te d  in  term s o f  l o c a l i s e d  c o n d u c tio n  band t a i l  
s t a t e s  e x te n d in g  to  a p p ro x im a te ly  0 .2  eV b elow  th e  c o n d u c tio n  band 
m o b il i t y  e d g e , and a d i s c r e t e  s e t  o f  l o c a l i s e d  s t a t e s  s i t u a t e d  a t  
0 .4  eV below  th e  co n d u c tio n  band m o b i l i t y  e d g e . I t  has been  su g g e s te d  
th a t  th e  e x te n t  o f  th e  t a i l  s t a t e s  and th e  d e n s i ty  o f  th e  d i s c r e t e  
s t a t e s  are  c r i t i c a l l y  dependent upon th e  c o n d it io n s  o f  f i lm  d e p o s i t io n  
and upon th e  l e v e l  o f  im p u rity  atom s w ith in  th e  m a t e r ia l .
P -  typ e  doping was a ttem p ted  by co  -  s p u t te r in g  s tr a n d s  o f  
Aluminium w ire  w ith  a p o l y c r y s t a l l in e  S i l i c o n  t a r g e t .  The S i l i c o n  -  
Aluminium f i lm s  d e p o s ite d  were found to  c o n ta in  c r y s t a l l i n e  Aluminium  
i s la n d s  embedded w ith in  an amorphous background l a t t i c e .  I t  was 
su g g e s te d  th a t  th e  background l a t t i c e  i s  an amorphous S i l i c o n  -  
Aluminium a l l o y .  E le c tr o n ic  t r a n s p o r t  m easurem ents r e v e a le d  th a t  w ith  
in c r e a s in g  im p u rity  c o n c e n tr a t io n  th e r e  was a m onoton ic d e c r e a se  in  
b oth  th e  c o n d u c t iv ity  a c t i v a t io n  en erg y  and th e  o p t ic a l  band g a p . 
T h erm o e lec tr ic  power m easurem ents on th e  m ost h e a v i ly  doped f i lm  
su g g e s te d  th a t  e le c t r o n ic  tr a n sp o r t  around room tem p eratu re  in  a l l  o f  
th e  S i l i c o n  -  Aluminium f i lm s  i s  dom inated by phonon a s s i s t e d  hopping  
through  lo c a l i s e d  s t a t e s  s i t u a t e d  betw een th e  Fermi l e v e l  and the  
v a le n c e  band m o b il i ty  e d g e . The above r e s u l t s  x?ere in te r p r e te d  in  
term s o f  th e  e le c t r o n ic  tr a n sp o r t  p r o p e r t ie s  o f  an amorphous S i l i c o n  -  
Aluminium a l l o y .  I t  was su g g e s te d  th a t  th e  v a s t  m a jo r ity  o f  the  
Aluminium atoms did n ot e n te r  th e  amorphous S i l i c o n  as s u b s t i t u t io n a l
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d o p a n ts . C on seq u en tly , co -  s p u t te r in g  Aluminium and S i l i c o n  was 
found n o t to  be an e f f e c t i v e  means o f  p rep a r in g  p -  typ e  m a t e r ia l .
N -  typ e  doping was a ttem p ted  by co  -  s p u t te r in g  sp h e r e s  o f  
Antimony sh o t w ith  a p o l y c r y s t a l l in e  S i l i c o n  t a r g e t .  The m a te r ia l  
prepared was found to  be hom ogeneous to  a r e s o lu t io n  o f  50 A ngstrom s. 
E le c tr o n ic  tr a n sp o r t  m easurem ents r e v e a le d  th a t  fo r  im p u rity  
c o n c e n tr a t io n s  up to  about 3 a t .  % th e r e  was no s i g n i f i c a n t  change in  
th e  tem perature dependence o f  th e  c o n d u c t iv i t y .  For la r g e r  im p u rity  
c o n c e n tr a t io n s  th e  h ig h  tem p eratu re  c o n d u c t iv i t y  a c t i v a t io n  en ergy  
d is p la y e d  a marked d e c r e a se  in  v a lu e ,  and a new low  tem p eratu re  r e g io n  
to  th e  c o n d u c t iv ity  A rrhen ius p lo t  was e s t a b l i s h e d .  The o p t i c a l  band 
gap was found to  m o n o to n ic a lly  d e c r e a se  w ith  in c r e a s in g  im p u rity  
c o n c e n tr a t io n . The r e s u l t s  w ere in te r p r e te d  in  term s o f  th e  
e le c t r o n ic  tr a n sp o r t  p r o p e r t ie s  o f  a S i l i c o n  -  Antimony a l l o y .  In  
c o n c lu s io n s  s im i la r  to  th o se  reach ed  fo r  th e  Aluminium im p u r it ie s  i t  
was su g g e s te d  th a t  Antimony was n o t e n te r in g  th e  amorphous S i l i c o n  
l a t t i c e  as a s u b s t i t u t io n a l  dopant and th a t  co  -  s p u t te r in g  Antimony 
and S i l i c o n  was n o t an e f f e c t i v e  means o f  p rep arin g  n -  ty p e  m a t e r ia l .
In g e n e r a l ,  th e  r e s u l t s  p r e se n te d  in  t h i s  t h e s i s  s u g g e s t  t h a t ,  
w ith  th e  n e c e ss a r y  eq u ip m en t, i t  i s  r e l a t i v e l y  s im p le  to  p rep are th in  
f i lm s  o f  amorphous S i l i c o n  by r . f .  s p u t te r  d e p o s i t io n .  H owever, in  
ord er to  prepare m a te r ia l  o f  h ig h  q u a l i t y ,  th e  o p t im is a t io n  o f  th e  
many a l t e r a b le  s p u t te r  param eters must be c a r r ie d  o u t .  T his in v o lv e s  
a d e t a i le d  c h a r a c t e r is a t io n  o f  a la r g e  number o f  sp ecim en s w hich have  
been prepared over  a w ide range o f  d e p o s i t io n  c o n d i t io n s ,  fo llo w e d  by 
a c h o ic e  o f  s p u t te r  p aram eters w h ich  lea d  to  th e  d e p o s i t io n  o f  th e
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h ig h e s t  q u a l i t y  m a t e r ia l .  C le a r ly ,  due to  th e  la r g e  number o f  
a l t e r a b le  and in t e r  -  r e la t e d  param eters w hich e x i s t  w ith in  a s p u t te r  
d e p o s i t io n  sy stem , t h i s  c h a r a c t e r is a t io n  procedure i s  a tim e consum ing  
and e x te n s iv e  p r o c e ss  w hich le n d s  i t s e l f  to  much com prom ise.
In c o n c lu s io n , th e  r e s u l t s  p r e se n te d  in  t h i s  t h e s i s  show th a t t h e  
m a te r ia l  prepared in  t h i s  la b o r a to r y  i s  n o t o f  th e  h ig h  q u a l i t y  
req u ire d  fo r  d e v ic e  a p p l ic a t io n s  and p r e s e n t ly  a c h ie v a b le  u s in g  th e  
glow  d isc h a r g e  p r o c e s s .  I t  i s  proposed  t h a t ,  in  p a r t ,  t h i s  may 
accou n t fo r  th e  poor resp o n se  o b ta in e d  from a tte m p ts  a t  e l e c t r o n i c  
d o p in g . I t  i s  su g g e s te d  th a t  p r io r  to  fu r th e r  a tte m p ts  a t  doping an 
o p t im is a t io n  s tu d y  must be c a r r ie d  o u t in  ord er  to  im prove th e  q u a l i t y  
o f  th e  b ase  undoped m a t e r ia l .
APPENDIX I
System Program For NASCOM 
MICRO -  COMPUTER.
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************************************************************  
PROGRAM: DEC-SYS MONITOR (VER 1 .2 )  FOR NASCOM 2 
AUTHOR: HENRY S. FORTUNA
DATE: SEPTEMBER 1980
************************************************************
ABSTRACT
THIS PROGRAM CONTAINS ROUTINES WHICH ENABLE NASCOM TO :
1) COMMUNICATE WITH THE EEC-20
2) LOAD AND STORE INTEL HEX FILES ON THE DEC-20
3) ASSIST IN EPROM PROGRAMMING WITH THE SOFTY MICRO
4) SUPPORT A REAL TIME CLOCK
5) TRANSFER DATA FROM DATALAB EL905 TRANSIENT ANALYSER TO 
NASCOM MEMORY
LOADED AT 0D000H 
APPROX. SIZE 1.5K  BYTES
ORG 0D000H
************************************************************
PROGRAM EQUATES
************************************************************
ADDHB EQU 0009H
ARG1 EQU OCOCH
ARG3 EQU 0C10H
ARGN EQU OCOBH
ARGS EQU 00 6OH
SPACE EQU 0020H
B2HEX EQU 0068H
BEL EQU 0007H
BLINK EQU 007BH
CLSCR EQU 000CH
CR EQU 0 0 0 DH
CRLF EQU 006AH
CURSOR EQU 0C2 H
DEL EQU 007FH
ADD HL TO BC 
NASCOM RAM
ii
ii
NASCOM SUB.
ASCII SPACE 
NASCOM SUB.
ASCII BELL 
NASCOM SUB.
ASCII CLEAR SCREEN 
ASCII RETURN 
NASCOM SUB.
POSITION IN VIDEO RAM 
ASCII DELETE
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ERR EQU 006BH NASCOM SUB.
ESC EQU 001BH ASCII ESCAPE
IM2 EQU 5EEEH MODE 2 INT.
INLIN EQU 0063H NASCOM SUB.
ITAB EQU 0C80H INTERRUPT TABLE
IVEC EQU 000CH INT. VECTOR
KIN EQU 0061H NASCOM SUB.
LDDE EQU 5BEEH Z -80 (LDDE,(MEM)
LDCUR EQU 53EEH Z -80 (LD (MEM) ,DE
LDIA EQU 47EEH Z -80 (LD I,A )
LDIR EQU OBOEEH Z -80 INSTR.
NAS EQU 005BH NASCOM SUB.
NSAV EQU 0C21H NASCOM RAM
NUM EQU 0064H NASCOM SUB.
NUMN EQU 0C20H NASCOM RAM
PAC EQU 0006H PORT A CONTROL
PAD EQU 0004H H DATA
PBC EQU 0007H PORT B CONTROL
PBD EQU 0005H it DATA
PMASK EQU 007FH PARITY MASK
RETI EQU 4DEEH Z -80 (RETI)
RCLOCK EQU 0C82H CLOCK IN RAM
VCIOCK EQU OBFOH CLOCK IN VIDEO
RLIN EQU 0079H NASCOM SUB.
SBCHB EQU 42EEH SUB BC FROM HL
SBCHD EQU 52EEH SUB EE FROM HL
SCAN EQU 0062H NASCOM SUB.
SERQ EQU 006FH ii
SOOT EQU 006EH ii
SPAC EQU 0069H ii
SRLIN EQU 0070H ii
TBCD3 EQU 0066H ii
TDEL EQU 005EH ii
TOPLIN EQU OBCAH NASCOM RAM
ULINE EQU 005FH ASCII i i
************************************************************  
ENTRY POINT
************************************************************
MVI A,CLSCR
ROT 6 CLEAR SCREEN
LXI H,HEAD POINT TO HEADING
LXI D, TOPLIN ii TOPLINE OF VDU
LXI B , l l LOAD NO. OF CHARS.
DW LDIR WRITE HEADING
ROT 3
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IB CRLF ; NEWLINE
MVI A, *> '
RST 6 ; PROMPT
RST 3
E© BLINK ; WAIT FOR INPUT
CPI •A '
JZ TA ; TRANS. ANALYSER
CPI 'C '
JZ CLOCK ; SET REAL TIME CLOCK
CPI *E'
JZ EXE ; EXECUTE
CPI 'F*
JZ FILLF ; F ILL RAM WITH OFFH
CPI 'H*
JZ EEC 10 ; LOGGING IBC I/O
CPI *L '
JZ EEC 10 ; LOGGING IBC I/O
CPI ’N '
JZ MON ; JMP TO NAS-SYS
CPI 'R '
JZ READ ; READ HEX FILE FROM EEC
CPI 'S '
JZ SOFTY ; WRITE TO SOFTY
CPI iip i
JZ DONE ; NON-LOGGING IBC I/O
CPI •V '
JZ VERIFY ; VERIFY RAM BLOCKS
CPI twi
JZ WRITE ; WRITE HEX FILE TO EEC
RST 3
IB ERR ; OTHERWISE GIVE ERROR
JMP INP ; RE-PROMPT
DEC-SYS ROUTINES
************************************************************
ANALYSE -  A START ADDRESS FOR THE DATA FROM THE
ANALYSER IS REQUIRED. IF  THERE IS NO INPUT 
THEN 100OH IS ASSUMED. A SPACE STARTS THE 
TRANSFER,ANYTHING ELSE RETURNS TO EEC-SYS. 
PORT A : D0-D7 INPUT FROM ANALYSER 
PORT B : DO WORD REQUEST TO "
D1 DATA READY FROM "
D2 DIGITAL O/P REQUEST TO ANALYSER 
D3 " " ENABLE " "
D4-D7 UNUSED
************************************************************t
TA: MVI A,01001111B
OUT PAC
MVI A,11001111B
OUT PBC
MVI A,00000010B
OUT PBC
XRA A
OUT PBD
TA1: RST 3
DB CRLF
RST 5
DB 'ADDR ? ',0C
RST 3
EB INLIN
LXI H,7
DAD D
XCHG
RST 3
DB RLIN
JC TA1
LXI H,1000H
LDA ARGN
ORA A
JZ TA2
LHLD ARG1
TA2: PUSH H
RST 3
DB BLINK
POP H
CPI SPACE
JNZ START
LXI D,3FFH
MVI A,00001000B
OUT PBD
MVI A,00001100B
OUT PBD
TA3: IN PBD
ANI 02H
JZ TA3
IN PAD
MOV M,A
INX H
DCX D
MOV A,E
ORA D
JZ TAF
MVI A ,0000110IB
OUT PBD
SET A AS INPUTS 
SET B TO BIT CONTROL 
ALL O/P'S EXCEPT BIT 2 
WRITE O'S TO B
; PROMPT STORAGE ADDRESS
; GET ADDRESS
; ADD 7 TO EE FOR 
; RLIN ROUTINE
; EXAMINE INPUT 
; IF  INVALID REPROMPT 
; SET POINTER
; GET NO. OF I/P  ARGUMENTS
; IF  NONE DON'T ALTER POINTER 
; OTHERWISE ALTER POINTER
; WAIT FOR KBD. I/P
; IS  IT  A SPACE ?
; IF  NOT ABORT TRANSFER 
; SET TRANSFER COUNT
? ENABLE DIGITAL O/P
7 REQUEST MEMORY TRANSFER
; DATA READY H I ?
; NO,CHECK AGAIN 
; YES,READ DATA 
; STORE IT  
; INC. POINTER 
; EEC. TRANSFER COUNT
; COUNT = 0 ?
7 THEN FINISHED
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MVI A ,00001100B
OUT PBD ; OTHERWISE PULSE WORD REQ.
JMP TA3 ; LOOP
TAF: XRA A
OUT PBD ; DISABLE DIG O/P & REQ.
JMP WRITE READY TO WRITE TO DEC
• ************************************************************
CLOCK -  SETS THE REAL TIME CLOCK. ENTER 4 DIGITS FOR
HOURS & MINUTES THEN ANY KEY TO START CLOCK.
.************************************************************
CLOCK: DI DISABLE INTERRUPTS
EW IM2 SET INT. MODE 2
LXI H,CINT POINT TO INT. ROUTINE
SHLD ITAB STORE ROUTINE ADDRESS
MVI A,IVEC MSB OF INT. TABLE ADDRESS
DW LDIA A => CPU INT. REGISTER
LXI H, ICLOCK POINT TO INITIALISATION
CALL WCLOCK WRITE TO VIDEO RAM
LXI H,ICLOCK
LXI D,RCLOCK POINT TO COPY IN WORK RAM
LXI B ,8 SET COUNT
DW LDIR COPY UNIT. TO WORK RAM
LXI H,RCLOCK POINT TO COPY IN WORK RAM
MVI C ,2
CLO: MVI B ,2
CL1: PUSH H
PUSH B
RST 3
DB BLINK INPUT HOURS & MINUTES
POP B
POP H
RST 6
MOV M,A
INX H
DCR B
JNZ CL1
INX H
DCR C
JNZ CLO
LXI H,RCLOCK
CALL WCLOCK , WRITE CLOCK TO VDU
RST 3
DB BLINK , WAIT FOR ANY KEY
RST 3
DB CRLF
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E l • ENABLE INTERRUPT
JMP START
CINT: PUSi H START OF INTERRUPT ROUTINE
PUSH D
PUSH B
PUSH PSW SAVE ALL REGISTERS
LXI H, RCLOCK+7 POINT TO SECOND'S UNITS
MVI B,35H SET B TO ASCII '5 '
MVI C,39H SET C TO ASCII '9 '
MOV A,C
CMP M IS SU = 9 ?
JNZ CINT 2 INC. IF NOT
MVI M,30H ELSE ZERO SU
DCX H POINT TO SECOND'S TENS
MOV A,B
CMP M IS ST = 5 ?
JNZ CINT2 INC. IF NOT
MVI M,30H ELSE ZERO ST
DCX H
DCX H POINT TO MINUTE'S UNITS
MOV A,C
CMP M IS MU = 9 ?
JNZ CINT2 INC. IF NOT
MVI M,30H ELSE ZERO MU
DCX H POINT TO MINUTE'S TENS
MOV A,B
CMP M IS MT = 5 ?
JNZ CINT 2 INC. IF NOT
MVI M,30H ELSE ZERO MT
DCX H
DCX H POINT TO HOUR'S UNITS
MVI A, 33H
CMP M IS HU = 3 ?
JNZ CINT1
DCR A
DCX H POINT TO HOUR'S TENS
CMP M IS HT = 2 ?
INX H POINT TO HOUR'S UNITS
JNZ CINT1
MVI A,30H -r HOURS = 23
MOV M,A
DCX H
MOV M,A ; ZERO IHE HOURS
JMP CINT3
CINT1: MOV AfC HOURS NOT = 23
CMP M IS HU = 9 ?
JNZ CINT 2 INC. IF NOT
MVI M,30H ELSE ZERO HU
DCX H POINT TO HOUR’S TENS
CINT2: INR M
P a g e  2 3 5
CINT3 LXI H,RCLOCK ; POINT TO CLOCK IN RAM
CALL WCLOCK ; WRITE TO VDU
POP PSW
POP B
POP D
POP H ; RESTORE REGISTERS
E l ; ENABLE INTERRUPTS
DW RETI
************************************************************
DECIO -  TURNS THE NASCOM INTO A TERMINAL FOR THE 
DEC-20. IF NOT LOGGED ON,DEC 10 LOGS INTO 
<PHYSR-HF> (H COMMAND) OR <PHYSR-STEP>
(L COMMAND) ~B RETURNS TO EEC-SYS.
************************************************************
DECIO: MOV D,A
MVI A,CR
RST 3
DB SERO
SCANS: RST 3
D3 SRLIN
JNC SCANS
ANI PiyiASK
RST 6
CPI BEL
JNZ DONE
RST 3
DB TDEL
MVI A,03H
RST 3
DB SERO
RST 3
db TDEL
MOV A,D
LXI H,LOGH
MVI B, 25H
CPI 'L'
JNZ DONE 4
LXI H,LOGL
INR B
INR B
D0NE4: RST 3
DB sour
DONE: IHLD CURSOR
MOV B,M
MVI M,ULINE
; SAVE L OR H
; SEND CR TO EEC
; CHECK FOR EEC REPLY 
; WAIT FOR REPLY 
; MASK PARITY
; WAS CHAR. A BELL ?
; IF NOT,LOGGED ON ALREADY
; DELAY
; SEND ~C TO DEC
? H OR L INTO A 
; POINT TO LOGON DATA FOR HF 
; LOAD NO. OF CHARS.
; WAS L ENTERED ?
; IF NOT,LOGON HF 
; OTHERWISE LOGON STEP
; ALTER COUNT TO 27H
? SEND THEM TO EEC 
; POINT TO CURSOR 
; SAVE DATA IN B 
; WRITE ULINE TO VIDEO RAM
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DONE1: PUSH H
PUSH B
RST 3
EB KIN ; ANY DATA FROM KEYBOARD ?
POP B
POP H
JNC NOCHAR ; NON CARRY MEANS NO DATA
CPI 02H ; IS IT A "B ?
JZ START ; YES,GOTO DEC-SYS
CPI 08H ; IS IT BACKSPACE ?
JNZ DONE 2 ; IF NOT,CHECK FURTHER
MVT A, DEL ; SET A TO EELETE
JMP DONE 3
DONE2: CPI 17H ; IS IT CH ? (ESC)
JNZ DONE 3 ; IF NOT,SEND IT
MVI A, ESC ; SET A TO ESCAPE
DONE3: RST 3
db SERO ; SEND TO EEC
MOV M,B ; OVERWRITE CURSOR
NOCHAR: RST 3
EB SRLIN ; ANY DATA FROM EEC ?
JNC DONE1 ; NO,THEN LOOP
ANI PMASK ; YES, MASK PARITY
MOV M,B ; OVERWRITE CURSOR
RST 6 ; PRINT IT
JMP DONE ; LOOP
************************************************************
EXE -  WHEN A VALID HEX NO. IS  INPUT TO IHIS ROUTINE 
THE STACK IS  SET TO 100OH,THE SCREEN CLEARED 
AND EXECUTION COMMENCES AT THE ADDRESS.
************************************************************
EXE: RST 3
DB CRLF 7 NEWLINE
EXE2: RST 5
IB 'ADDR ? ’ ,00H •/ PROMPT THE ADDRESS
RST 3
db INLIN •9 GET ADDRESS
LXI H ,6
DAD D •$ ADD 6 TO EE
XCHG •/ FOR RLIN ROUTINE
RST 3
DB RLIN •9 EXAMINE INPUT
JC EXE2 9 IF INVALID REPROMPT
LDA ARGN 9 GET NO. OF I /P  ARGS
ORA A
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JZ START ; IF NONE GOTO DEC-SYS
LXI SP,1000H ; OTHERWISE SET STACK
MVI A,0CH
rst 6 ; CLEAR SCREEN
rst 3
DB ARGS ; GET ADDRESS IN HL
PCHL ; JUMP TO ADDRESS
************************************************************
FILLF -  FILL'S A IK BLOCK OF RAM WITH OFFH. THIS IS  
USED BEFORE LOADING A HEX FILE FROM THE DEC 
PRIOR TO TRANSFERRING THE BLOCK TO SOFTY 
FOR EPROM PROGRAMMING. IF NO BYTE IS ENTERED 
AFTER THE ADDRESS,OFFH IS  ASSUMED.
************************************************************
FILLF: RST 3
DB CRLF •/ NEWLINE
F I: RST 5
DB '?  ' ,00H 1 PROMPT START ADDRESS
RST 3
EB INLIN 7 GET ADDRESS
INX D 7 ALTER DE FOR RLIN
RST 3
IB RLIN •9 EXAMINE INPUT LINE
JC FI 9 IF INVALID,REPROMPT
LDA ARGN •9 GET NO. OF I /P  ARGS.
ORA A
JZ START 9 IF NONE GOTO EEC-SYS
RST 3
EB ARGS 9 ADDRESS => HL,FILL BYTE => E
LXI B,400H 9 COUNT = 1024
CPI 1 •9 1 ARGUMENT ?
JNZ F2
MVI E,0FFH 9 YES,FILL BYTE = OFFH
F2: MOV A,E
MOV M,A m9 WRITE BYTE TO RAM
INX H •9 INC. RAM POINTER
DCX B #/ EEC. COUNT
MOV A,B
ORA C
JNZ F2 •/ IF BC NON-ZERO,LOOP
JMP START 7 OTHERWISE GOTO EEC-SYS
************************************************************
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MON -  JUMPS TO NAS-SYS MONITOR. 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
MON: RST 3
DB NAS
************************************************************
READ -  READS AN INTEL HEX FILE FROM THE DEC. IF AN 
OFFSET IS ENTERED IT IS  ADDED TO ALL THE 
ADDRESS'S SPECIFIED IN THE HEX DATA BLOCKS.
IF THE FILE GIVEN DOES NOT EXIST ON THE DEC 
THE FILENAME PROMPT IS REPEATED. AS THE FILE 
IS  BEING READ THE ADDRESS OF THE LAST LOCATION 
OF THE BLOCK JUST LOADED IS  WRITTEN TO THE 
SCREEN. ~C ABORTS.
************************************************************
READ: RST 3
DB CRLF ; NEWLINE
READ1: RST 5
IB 'OFFSET ? ' ,00H ; PROMPT
RST 3
IB INLIN ; GET OFFSET
LXI H,0008H
DAD D ; ADD 8 TO EE
XCHG ; FOR NUM
RST 3
IB NUM ; CHECK OFFSET, SAVE IN NSAV
JC READ1 ; IF INVALID, REPROMPT
READ5: RST 5
IB 'FILE ? ' f 00H ; PROMPT
RST 3
IB INLIN ; GET FILENAME
LXI H ,7
DAD D ; ADD 7 TO EE
MOV A,M ; GET 1ST CHAR. OF FILENAME
CPI SPACE
JZ START ; IF A SPACE ,0 0 1 0  EEC-SYS
XCHG ? SAVE IN DE
LXI H,MESS1 ; POINT TO 'RUN' MESSAGE
MVI B ,3
RST 3
IB sour ; SEND TO DEC
XCHG ; GET FILENAME POINTER BACK
READ2: MOV A,M 7 GET FILENAME CHAR.
CPI SPACE
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JZ READ3 ; IF  A SPACE,ALL SENT
RST 3
DB SERO ; OTHEFWISE SEND TO EEC
INX H ; INC. POINTER
JMP READ2 ; IOOP
READ3: LXI H,MESS2
MVT B,5
RST 3
DB sou r ; SEND '.HEX' TO EEC
READ4: RST 3
EB SRLIN ; DATA FROM EEC ?
JNC READ4 ? IF  NOT,LOOP
•ANI PMASK ; OTHERWISE MASK PARITY
CPI i . i
JZ READ6 ; IF  ' : ' ,  FOUND START OF DATA
CPI ,%1
JNZ READ4 ; IF  NOT ,LOOP FOR MORE DATA
RST 3
EB TDEL ; OTHERWISE FILE NOT FOUND,
RST 3 ; DELAY FOR ERROR MESS. FROM
DB TEEL ? EEC
IN 1 ; DISCARD LAST DATA FROM EEC
JMP READ5 ; REPROMPT FILENAME
READ6: IHLD NSAV ? OFFSET IN HL
CALL REC ; READ REST OF 1ST BLOCK
JNC READ ? FINISHED IF  NC
READ7: CALL RECORD ; READ DATA BLOCK
JNC READ ? FINISHED IF  NC
JMP READ7
• * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
SOFTY -  LOADS A IK  BLOCK OF RAM FROM NASCQM TO
SOFTY FOR EPROM BURNING.
PORT A : D0-D7 O/P DATA TO SOFTY
PORT B : DO TRI-STATE BUFFER ENABLE O/P 
D1 I/P  BUFFER FULL (IBF) FROM SOFTY 
D2 STROBE TO SOFTY 
D3-D7 UNUSED
• * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
SOFTY: MVI A,00001111B
OUT PAC ; SET PORT A FOR O/P
MVI A, 11001111B
OUT PBC ; SET PORT B FOR BIT CONTROL
MVI A,00000010B
OUT PBC ; SET PB1 FOR I/P
MVT A,11111111B
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SOFT1
SOFT 2
OUT PAD 9 SET A O /P 'S  HI
OUT PBD 9 SET B O /P 'S  HI
RST 3
DB CRLF •/ NEWLINE
RST 5
IB 'ADDR ? 1,00H •9 PROMPT START OF RAM
RST 3
EB INLIN •9 GET ADDRESS
LXI H ,6
DAD D •9 ADD 6 TO EE FOR RLIN
XCHG
RST 3
IB RLIN •9 CHECK ADDRESS
JC SOFT1 9 IF INVALID,REPROMPT
LDA ARGN 9 GET NO. OF ARGS.
ORA A
JZ START 9 IF NONE,GOTO EEC-SYS
MVI A,11111110B
OUT PBD 9 ENABLE BUFFERS
LHLD ARG1 9 GET START ADD. IN HL
LXI B,1024D 9 SET COUNT
IN PBD
ANI 02H •9 GET IBF FROM SOFTY
JNZ SOFT 2 •/ IF HI,LOOP
MOV A,M 7 GET DATA TO BE TRANSFERRED
OUT PAD 7 PRESENT TO SOFTY I /P
MVI A ,11111010B
OUT PBD
MVI A ,11111110B
OUT PBD / WRITE DATA PULSE
INX H •9 INC. RAM POINTER
DCX B 9 EEC. COUNT
MOV A,B
ORA C
UNZ SOFT 2 9 LOOP IF COUNT NON-ZERO
MVI A,11111111B
OUT PBD 9 DISABLE BUFFERS
JMP S0FT1
************************************************************
VERIFY -  COMPARES 2 BLOCKS OF MEMORY EACH IK LONG.
THE 2 START ADDRESSES ARE ENTERED. THEY 
MUST DIFFER BY AT LEAST 400H AND THE 
SMALLER ADDRESS MUST BE THE FIRST INPUT. 
IF AN ERROR IS  FOUND THE ADDRESSES AND 
DATA ARE DISPAYED. ANY KEYBOARD CHARACTER 
CONTINUES THE COMPARISON. ~C ABORTS.
************************************************************
/
VERIFY: RST 3
DB CRLF
V I: RST 5
DB 'ADDRS ?
RST 3
DB INLIN
LXI H ,7
DAD
XCHG
D
RST 3
DB RLIN
JC VI
LDA ARGN
ORA A
JZ START
DCR A
JZ VI
RST 3
DB
XCHG
ARGS
DW SBCHD
JC VI
LXI D,400H
EW SBCHD
JC VI
RST 3
DB ARGS
LXI B,400H
V2: LDAX D
CMP M
JNZ MISS
V3: INX D
INX H
DCX B
MOV A,B
ORA C
JNZ V2
JMP VI
MISS: PUSH B
RST 3
DB TBCD3
MOV A,M
RST 3
DB B2HEX
RST 3
DB
XCHG
SPAC
RST 3
NEWLINE
PROMPT ADDRESSES 
GET THEM
ADD 7 TO DE FOR RLIN
VALID HEX INPUT ?
IF NOT RE-PROMPT 
GET NO. OF ARGS. INPUT
IF NONE,GOTO DEC-SYS
IF 1 , RE-PROMPT 
GET 1ST ADDRESS IN HL 
GET 2ND IN DE 
SWOP,HL aiOULD BE > DE 
SUB EE FROM HL 
IF EE > HL,REPROMPT 
HL CONTAINS DIFFERENCE 
SUB 40OH FROM HL 
IF HL < 400H,REPROMPT
RE-LOAD ARGS.
SET COUNT 
GET DATA FROM RAM 
COMPARE WITH OTHER RAM 
IF UNEQUAL,PRINT ERROR
INC. RAM POINTERS 
EEC. COUNT
; IF  B NON-ZERO,LOOP
; PRINT HL 
; GET DATA
; PRINT IT
; PRINT SPACE 
; OTHER ADDRESS INTO HL
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DB TBCD3 ; PRINT HL
MOV A,M ; (ST DATA
RST 3
DB B2HEX ; PRINT IT
XCHG ; SWAP BACK
RST 3
DB CRLF ; NEWLINE
PUSH H
PUSH D
f4: RST 3
DB SCAN ; SCAN KBD.
JNC V4 ; IF NOTHING,LOOP
POP D
POP H
POP B
CPI 03H
JNZ V3 ; IF NOT "C,CONTINUE
JMP START ; OTHERWISE GOTO EEC-SYS
************************************************************
. WRITE -  WRITES A HEX FILE TO THE EEC IN INTEL FORMAT.
THE 2 ADDRESS LIMITS OF THE DATA TO BE 
WRITTEN ARE ENTERED,THE SMALLER FIRST.
THE EESIRED FILENAME FOR THE DATA IS  THEN 
ENTERED AND THE DATA WILL BE WRITTEN TO 
'FILENAME.HEX' . AS THE DATA IS WRITTEN THE 
ADDRESS OF THE LAST BYTE WRITTEN IS  DISPLAYED 
ON THE SCREEN. IF RETURN IS GIVEN IN REPLY 
TO EITHER OF THE PROMPTS THE ROUTINE RETURNS 
TO DEC-SYS. ~C ABORTS.
************************************************************
9
WRITE: RST 3
DB CRLF •/ NEWLINE
WRT1: RST 5
DB •LIMITS ? ' ,00H ? PROMPT
RST 3
IB INLIN r GET LIMITS
LXI H,8
DAD D •9 ADD 8 TO EE FOR RLIN
XCHG
RST 3
IB RLIN •9 CHECK LIMITS
JC WRTl 9 IF INVALID,RE-PROMPT
LDA ARGN 9 (ST NO. OF ARGS.
ORA A
JZ START •/ IF NONE,GOTO EEC-SYS
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CPI 1
JZ WRT1 IF 1 , RE-PROMPT
RST 3
DB ARGS GET ARGS. IN HL AND DE
XCHG HL SiOULD > DE
EW SBCHD SUB EE FROM HL
JC WRT1 IF EE > HL,RE-PROMPT
INX H MODIFY DATA COUNT
SHLD ARG3 SAVE COUNT
RST 5
DB 'FILE ? ' ,00H PROMPT FILENAME
RST 3
DB INLIN CUT IT
LXI H ,7 ADD 7 TO EE TO POINT TO
DAD D START OF FILENAME
MOV A,M
CPI SPACE
JZ START IF SPACE,GOTO DEC-SYS
XCHG START OF FILNAME => DE
LXI H,MESS3 POINT TO 'RUN WR'
MVI B ,7 LOAD NO. OF CHARS.
RST 3
EB sour SEND MESSAGE TO EEC
XCHG POINT HL TO FILENAME
WRT3: MOV A,M GET FILENAME CHAR.
CPI SPACE
JZ WRT4 i IF SPACE,FINISHED
RST 3
DB SERO OTHERWISE SEND TO EEC
INX H INC. POINTER
JMP WRT3 LOOP
WKT4: MVT A,CR
RST 3
DB SERO 44 SEND RETURN TO EEC
WRT5: RST 3
DB SRLIN
JNC WKT5 41 WAIT FOR DATA FROM EEC
ANI PMASK 41 MASK PARITY
CPI i *»
JNZ WRT5 44 WAIT FOR ASTERISK
RST 3
DB ARGS i HL= START DE=FINISH BCCOUNT
XCHG
PUSH B
POP H
SEND6: LXI B ,16 NOW HLCOUNT DE=START BC=16
DW SBCHB SUB 16 FROM COUNT
JNC SEND1 IF COUNT >= 1 6 ,OK
DB ADEHB ADD 16 BACK ON
MOV C,L SAVE COUNT IN BC
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JMP SEND3
SENDl: JNZ SEND2 i JUMP IF COUNT NON-ZERO
SEND3: XRA A
STA ARGN 7 ZERO ARGN AS FLAG FOR COUNT=0
SEND2: MVI A , ' : '
RST 3
DB SERO 7 SEND START OF DATA BLOCK
XRA A
STA NUMN •/ ZERO CHECKSUM
MOV A,C
CALL SENDA 7 SEND BYTE COUNT
MOV A, D
CALL SENDA •$ SEND HI ADDRESS BYTE
MOV A,E
CALL SENDA •r SEND DO ADDRESS BYTE
XRA A
CALL SENDA 7 SEND 00
SEND4: LDAX D •t GET DATA BYTE
CALL SENDA •/ SEND IT
INX D •/ INC. POINTER
DCR C •/ EEC. COUNT
JNZ SEND4 •t LOOP IF MORE DATA TO SEND
LDA NUMN
MOV B,A 0/ CHECKSUM TO B
XRA A
SUB B 7 FORM 2 'S  COMPLEMENT IN A
CALL SENDA 7 SEND IT
MVI A,CR
RST 3
DB SERO #t SEND RETURN
PUSH B
XCHG 0/ POINTER TO HL
PUSH D
DW LDDE
DW CURSOR
RST 3
EB TBCD3 7 WRITE HL TO SCREEN
m LDCUR
m CURSOR
POP D
XCHG •/ SWOP BACK
POP B
SEND8: RST 3
DB SRLIN
JNC SEND8
ANI PMASK
CPI i * i
JNZ SEND8 7 WAIT FOR AST. FROM DEC
PUSH H
PUSH D
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SEND5
SEND9
SEND7
RST 3
DB KIN
JNC SEND5 ; IF NO KEY,CONTINUE
CPI 03H
JZ SEND9 ; IF "C,ABORT
POP D
POP H
LDA ARGN ; GET COUNT FLAG
ORA A
JNZ SEND6 ; IF NOT ZERO,SEND MORE
LXI H,MESS4 ; POINT TO EOF BLOCK
m i B ,12 ; LOAD COUNT
RST 3
DB sour ; SEND TO INC
RST 3
I® SRLIN
JNC SEND7
ANI PMASK
CPI 40H
JNZ SEND7 ; WAIT FOR @
JMP WRITE
************************************************************
SUBROUTINES
************************************************************
FUNCTION: BYTE
INSCRIPTION: BYTE READS 2 ASCII CHARS. FROM THE SERIAL PORT 
AND CONVERTS THEM TO A HEX BYTE IN THE A REG.
D REG. MUST CONTAIN THE CHECKSUM ON ENTRY AND 
IS  UPDATED WITH THE BYTE RECEIVED.
INPUTS: D -  CHECKSUM 
OUTPUTS: A -  BYTE RECEIVED
D -  UPDATED CHECKSUM 
CALLS: CONV,SRLIN
; DESTROYS: A,C ,F /F 'S
BYTE: RST 3
DB SRLIN
JNC BYTE ; LOOP IF NO SERIAL I /P
ANI PMASK ; MASK PARITY
CALL CONV ; CONVERT ASCII TO HEX
RLC
RLC
RLC
RLC ; SHIFT TO HI PART OF A
MOV C,A ; SAVE IN C
P a g e  2 4 6
BYTE 2: RST 3
DB SRLIN
JNC BYTE 2
ANI PMASK
CALL CONV
ORA C
MOV C,A
ADD D
MOV D,A
MOV A,C
RET
; WAIT FOR 2ND ASCII BYTE
; CONVERT TO HEX 
; BUILD HEX BYTE IN A 
; SAVE IN C 
; ADD IN CHECKSUM 
; UPDATE 
: MOVE HEX TO A
************************************************************
FUNCTION: CONV
DESCRIPTION: CONV CONVERTS AN ASCII BYTE IN A TO ITS BINARY 
EQUIVALENT. IT ASSUMES THAT THE ASCII BYTE IS  
A VALID HEX CHARACTER.
INPUTS: A -  ASCII BYTE 
OUTPUTS: A -  HEX BYTE 
CALLS: NOTHING 
DESTROYS: A ,F /F 'S
CONV: SUI 'O'
CPI 10H
RM
SUI 07H
RET
RETURN IF 0 . . . 9  
CONVERT A . . F  TO 1 0 . . 1 5
************************************************************
; FUNCTION: RECORD
; DESCRIPTION: RECORD READS A BLOCK OF DATA FROM THE DEC IN 
; INTEL FORMAT AND LOADS IT INTO NASCOM MEMORY WITH
; AN APPROPRIATE OFFSET WHICH CAN BE ZERO. IF THERE
; IS  A CHECKSUM ERROR THE OUTPUT FROM THE EEC IS
; SUPPRESSED AND AN ERROR MESSAGE OUTPUT. THE
; ROUTINE RETURNS WITH THE CARRY RESET ON AN ERROR
; OR AT EOF AND SET OTHERWISE.
; INPUTS: NONE WHEN CALLED AS RECORD BUT 
; A -  ' : 1
; HL -  OFFSET ADDRESS WHEN CALLED AS REC.
; OUTPUTS -  CARRY = 0 ON ERROR OR EOF 
; = 1 OTHERWISE
; CALLS: BYTE,ERR,SERQ,SRLIN,TBCD3,TDEL 
; DESTROYS: A ,B ,C ,D ,E ,H ,L ,F /F 'S
RECORD: IH LD  NSAV ; GET O FFSET IN  HL
RECO: RST 3
DB SRLIN
REC: iWI B , ' : '
SUB B
JNZ RECO ; LOOP IE NOT
MOV D,A ? ZERO CHECKSUM
CALL BYTE 7 GET BYTE COUNT
JZ REC 2 ; IF ZERO, END OF FILE
MOV E,A ; SAVE COUNT IN E
CALL BYTE ? GET HI ADDRESS
PUSH PSW 7 SAVE ON STACK
CALL BYTE 7 GET DO ADDRESS
POP B 7 HI ADDRESS => B
MOV CrA 7 ID ADDRESS =>C
DAD B 7 ADD OFFSET
CALL BYTE 7 GET ZERO BYTE
REC1: CALL BYTE 7 GET DATA BYTE
MOV M,A 7 SAVE
INX H 7 INC. RAM POINTER
DCR E 7 EEC. COUNT
JNZ REC1 7 LOOP IF MORE
CALL BYTE 7 GET CHECKSUM
JNZ REC 3 7 ERROR IF CHECKSUM NON ZERO
DW LDDE
DW CURSOR
RST 3
EB TBCD3 7 PRINT ADDRESS
DW LDCUR
DW CURSOR
RST 3
DB KIN
JNC OK 7 CONTINUE IF NO KBD I /P
CPI 03H
JNZ OK 7 CONTINUE IF NOT ~C
REC3: MVI A,0FH
RST 3
DB SERO 7 OTHERWISE SEND ~0 TO EEC
REC4: RST 3
DB SRLIN
ANI PMASK
CPI
JNZ REC4 7 WAIT FOR @
RST
DB ERR 7 PRINT ERROR MESSAGE
REC2: RST 3
DB TDEL 7 EELAY
IN 1 7 DISCARD LAST DATA
STC 7 SET CARRY
CMC 7 RESET CARRY
RET
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OK: STC
RET
;SET CARRY
************************************************************
FUNCTION: SENDA
DESCRIPTION: SENDS THE A REG. AS 2 ASCII BYTES TO THE EEC 
AND UPDATES A CHECKSUM HELD IN NSAV.
INPUTS: A -  HEX BYTE TO BE SENT 
OUTPUTS: NONE 
CALLS: SERO 
DESTROYS: A ,F /F 'S
SENDA:
SENEB:
SEND :
PUSH PSW ; SAVE COPY ON STACK
RRC
RRC
RRC
RRC ; HI NIBBLE => LO NIBBLE
ANI OFH ; ZERO BITS 4-7
CPI OAH
JM SENDB ; JUMP IF 0 . .9
ADI 07H ; PARTIAL CONV. TO A ..F
ADI 30H ; CONVERSION TO ASCII 0.
RST 3
DB SERO ? SEND TO EEC
POP PSW ; GET COPY
PUSH PSW ; SAVE AGAIN
ANI OFH ? MASK
CPI OAH
JM SENDC
ADI 07H
ADI 30H ; CONVERT AGAIN
RST 3
DB SERO ; SEND TO EEC
POP PSW ; GET COPY
PUSH H
LXI H,NUMN ; POINT TO CHECKSUM
ADD M ; ADD M TO A
MOV M,A ? UPDATE CHECKSUM
POP H
RET
************************************************************
FUNCTION: WCDOCK
DESCRIPTION: COPIES CLOCK FROM MEMORY TO VIDEO RAM 
INPUTS: HL -  START ADDRESS OF DATA TO BE CCOPIED
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OUTPUTS: NONE 
CALLS: NOTHING
; DESTROYS: A,B 
•
,C ,D ,E /H ,L ,F /F , S
WCLOCK: LXI D,VC LOCK ; POINT TO CLOCK IN VIDEO RAM
LXI B,8  ; SET COUNT
m LDIR ; WRITE TO VDU
9
RET
•9
• ************************************************************
9
•9 MESSAGE TABLE
9
•************************************************************ 9
HEAD: EB 'DEC-SYS 1.2*
ICLOCK: EB •0 0 :0 0 :5 9 '
LOGH: DB 'TER '
DB 'WIDTH '
DB 00 n 50
DB 'LOG '
DB 'PHYSR-HF '
DB 'RXHF2 4544'
DB CR
LOGL: DB 'TER '
DB 'WIDTH '
DB '4 8 ' ,CR
DB 'LOG '
DB 'PHYSR-STEP '
DB 'ZHT2F 4544'
DB CR
MESS1: EB 'TY '
MESS2: EB ' .HEX',CR
MESS3: EB 'RUN WR' ,CR
MESS4:
9
EB ':0 0 0 0 0 0 0 0 0 0 ',CR
9
END
9
•************************************************************ /
@
APPENDIX II
DEC -  SYSTEM -  20 C o n tro l Program 
fo r  A ccepting D ata From NASCOM.
00100 INPOT FILE$
00200 OPEN FILE$+".HEX" FOR.OUTPUT AS FILE 1 
00300 PRINT
00320 INPUT A$ \  PRINT #1,A$
00360 IF LEFT$(A$,3)=":00" THEN GOTO 400 ELSE GOTO 300 
00400 CLOSE 
01000 END
@
APPENDIX III
R outine For C onverting  a F i le  o f Hexadecimal 
Numbers in to  a F i le  o f Decimal Numbers.
00100 INPUT "NAME HEX FILE",FILE$
00200 OPEN FILE$+" .HEX" FOR INPUT AS FILE 1 , INVALID 1100 
00300 OPEN FILE$+".DAT" FOR OUTPUT AS FILE 2 
00400 IFEND #1 GOTO 1300 
00500 INPUT #1,DATA$
00600 IF LEFT$(DATA$,3)=":00" GOTO 1300 
00650 DATA$=RIGIT$(DATA$,10)
00700 FOR IOOP=1 TO 16 
00710 N=ASCII(MID(DATA$,1/1))
00740 IF N<65 THEN N=N-48 ELSE N=N-55
00750 NUMB=N*16
00760 N=ASCII (MID(DATA$, 2 f 1))
00770 IF N<65 THEN N=N-48 ELSE N=N-55
00780 NUMB=NUMB+N
00790 PRINT #2,NUMB
00795 DATA$=RIOIT$ (DATA$,3)
00800 NEXT LOOP 
00870 GOTO 400
01100 PRINT "FILE NOT FOUND"
01200 GOTO 100 
01300 CLOSE 
01400 END 
@
APPENDIX IV
Graph P lo t t in g  R outine Using 
"GHOST" G raphics Package.
P a g e  2 5 3
IMPLICIT INTEGER(D) ! D IS INTEGER
DIMENSION D(1024),X(1024),Y(1024)
DOUBLE PRECISION NAME,FNAME,ADT,ADT2
LIN = 0 ; DOG = 0
CALL DATE (ADT) ; CALL TIME (T)
WRITE (5,113) ADT,T 
113 FORMAT(1H ,A9,20X,A5)
WRITE(5,100)
100 FORMAT (1H0,' LINEAR PLOT ? (Y/N) ' ,$)
READ(5,200) A
200 FORMAT (Al)
IF (A.EQ. 'Y ')  LIN = 1 
WRITE(5,101)
101 FORMAT (1H+,' LOG/LOG PLOT ? (Y/N) \ $ )
READ(5,200) A
IF (A. EQ.' Y*) LOG = 1
IF (LOG < 1 .AND. LIN < 1) GOTO 901
WRITE(5,102)
102 FORMAT (1H+,' ENTER .DAT FILENAME ',$ )
READ (5,201) NAME
201 FORMAT (A8)
OPEN (UNIT=20, FILE=NAME, ACCESS=' SEQIN')
MIN = 256
DO 300 I  = 0,1023
READ(20,202) V
202 FORMAT (G)
D(I) = INT(V)
IF (D(I).GT.MIN)GOTO 300 
MIN = D(I)
MINX = I  
300 CONTINUE
WRITE(5,109)
109 FORMAT (1H+,' INPUT DATE (SEE ABOVE,NO LOWERCASE) 1 ,$) 
READ(5,203) ADT2
203 FORMAT (A9)
WRITE(5,110)
110 FORMAT(1H+,' TEMP? 1 ,$)
READ(5,202)V
ITEMP = INT(V)
WRITE(5,111)
111 FORMAT (1H+,' FIELD? ' ,$)
READ(5,202)V
IFIELD = INT(V)
WRITE(5,112)
112 FORMAT (1H+,' SAMPLE TIME ? * ,$)
READ(5,202)TS
IF (LIN < 1)GOTO 902 
DO 301 I  = 0,1023 
X(I) = I
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Y(I) = D (I)
301 CONTINUE 
WRITE(5,104)
104 FORMAT(1H , '  LINEAR PLOT'/' ==========')
CALL PAPER(1)
CALL MAP(0.0 ,1 0 2 3 .0 ,0 .0 ,2 5 5 .0 )
CALL AXES 
CALL PLACE(7,1)
CALL UNDLIN(1)
CALL TYPECS( ' LINEAR PLOT',11)
CALL UNDLIN(0)
CALL CTRMAG(15)
CALL PLACE(37,1)
CALL HLINFD(l)
CALL TYPECS (ADT2,9)
CALL SPACE(3)
CALL TYPECS (T, 5)
CALL PLACE(65,36)
CALL TYPECS ('TEMP ' , 6)
CALL TYPENI (ITEMP)
CALL TYPECSC K* ,2)
CALL PLACE(65,37)
CALL HLINFD(l)
CALL TYPECS('FIELD ' , 6 )
CALL TYPENI (IFIELD)
CALL TYPECSC V ',2 )
CALL PLACE(65,39)
CALL TYPECS( 'T ' ,1)
CALL SUFFIX 
CALL TYPECS('S',1)
CALL NORMAL 
CALL SPACE(4)
CALL HSPACE(1)
CALL TYPENF(TS,1)
CALL SPACE(1)
CALL CTRSET (4)
CALL TYPENC(23)
CALL CTRSET (1)
CALL TYPECSC S ' ,1)
CALL PLACE(65,40)
CALL HLINFD(l)
CALL TYPECS (NAME, 6)
CALL TYPECSC .HEX' ,4)
DO 302 I  = 0 ,1023,3  
CALL POINT(X(I) ,Y (I))
302 CONTINUE 
CALL GREND
IF(LOG < 1) GOTO 999
902 WRITE(5,105)
105 FORMAT(1H , '  LOG/LOG PLOT'/' ===========')
P a g e  2 5 5
IF (LIN < 1)G0T0 903 
WRITE(5,106)
106 FORMAT (1H GRID FILE NAME (0-5 CHARS) 
READ(5,201) FNAME 
CALL FILNAM(FNAME)
903 LAST = D(1023) + 1 
J  = 0 
ICNT = 0
DO 303 I  = MINX,1023 
J  = J  + 1 
Y(J) = LAST -  D(I)
X(J) = J  
303 CONTINUE
CALL CTRMAG(20)
CALL PAPER (1)
DO 305 I  = 1,10 
WRITE(5 ,108)X (I) ,Y (I)
108 FORMAT(2G)
305 CONTINUE
CALL MAPXYL(1.0 ,1 0 2 3 .0 ,1 .0 ,2 5 5 .0 )
CALL AXEXYL 
CALL PLACE(7,1)
CALL UNDLIN(l)
CALL TYPECS( 1LOG/LOG PLOT', 12)
CALL UNDLIN(O)
CALL CTRMAG(15)
CALL PLACE(37,1)
CALL HLINFD(l)
CALL TYPECS(ADT2,9)
CALL SPACE(3)
CALL TYPECS(T,5)
CALL SPACE(6 )
CALL TYPECS( 'TEMP ' , 6)
CALL TYPENI (ITEMP)
CALL TYPECS( 1 K' ,2)
CALL PLACE(60,3)
CALL TYPECS ('FIELD ' , 6)
CALL TYPENI (IFIELD)
CALL TYPECS(' V' ,2)
CALL PLACE(60,4)
CALL HLINFD(l)
CALL TYPECS( 'T ' ,1)
CALL SUFFIX 
CALL TYPECS( ' S ' , 1)
CALL NORMAL 
CALL SPACE(4)
CALL HSPACE(1)
CALL TYPENF (TS,1)
CALL SPACE(1)
P a g e  2 5 6
CALL CTRSET (4)
CALL TYPENC(23)
CALL CTRSET (1)
CALL TYPECS('S',1)
CALL PLACE(60,6)
CALL TYPECS (NAME, 6 )
CALL TYPECS( ' .HEX',4)
DO 304 I  = 1 , J
IF(Y (I) .GT.0.5)GOTO 904
ICNT = ICNT + 1
WRITE(5 ,1 1 5 )ICNT,X(I) ,Y (I)
115 FORMAT (1H ,3G)
GOTO 304
904 CALL POINT(X(I) ,Y(I) )
304 CONTINUE
CALL GREND 
WRITE (5,114) ICNT
114 FORMAT(1H0,1 3 , ' POINTS NOT PLOTTED’)
999 WRITE(5,107)
107 FORMAT (1H0)
STOP
901 WRITE (5,103)
103 FORMAT(1H ,'NO PLOTS')
STOP
END
0
